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The subject allotted me being “The Conditions Governing the 
Evolution and Distribution of Tertiary Faunas,” I may begin by 
stating certain propositions which, for the purposes of this discourse, 
may be assumed as axiomatic. 

1. A fauna is an assemblage of organic species populating a given 
area at one and the same epoch, and—allowances being made for 
the preferences of such minor groups as carnivorous, phytophagous, 
littoral, benthal, petricoline, and limicoline animals—having for the 
most part identical geographical distribution. 

2. We may regard it as indisputable that the properties of the 
environment shown to influence a living fauna, or to control its distri- 
bution, were capable in Tertiary? times of exerting an analogous 
influence on faunas now known chiefly by their fossil remains; and, 
conversely, if in a fossil fauna we are able to trace certain definite 
features, which in a living assembly would result from a particular 
environment, we are justified in concluding that the fossil fauna in 

Dr. F. H. Knowlton’s article on “Succession and Range of Mesozoic and 
Tertiary Flores,’ which should have appeared as No. X in this series, has never 
reached the /ournal of Geology and does not appear, therefore in its proper place. 
Should the article be submitted later, it will be published. 

2 The author realizes that these factors may not be entirely applicable to the faunas 
of pre-Tertiary epochs. 
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question was, when living, subject to the action of an analogous 
environment. 

To illustrate this second proposition it may be said that if fig trees 
can now flourish and reproduce their species only in regions having 
a mean minimum temperature of thirty degrees Fahrenheit, and a 
summer mean temperature of not less than sixty degrees; and, 
secondly, if we find in the Tertiary leaf-beds of Greenland and 
Spitsbergen indications of groves of fig trees having flourished there 
in the Oligocene epoch; then we are likewise justified in assuming 
that in Greenland at that epoch the summer mean temperature did not 
fall far below sixty degrees, nor the winter cold maintain itself greatly 
below the minimum above mentioned. : 

Among marine animals a consensus of the evidence on record 
points insistently to temperature as the most important factor in 
determining the existence and persistence of species in a given area; 
and the toleration oi an organism and its progeny for fluctuations 
of temperature limits its geographieal distribution as positively as 
would a material barrier. In the absence of such mortal extremes 
of temperature, material barriers, unless hermetically complete, 
really count for very little in determining distribution. 

In utilizing fossil faunas as chronologic indicators of geologic 
time, the marine faunas are more readily utilized for the grand 
divisions of the scale than the land faunas, especially when the latter 
are characterized chiefly by fossil vertebrates. This is because the 
marine conditions are more uniform, less affected by meteorologic 
factors, and more dependent upon conditions which affect the whole 
hydrosphere rather than small areas of it. The struggle for life is 
less intense, the food supply generally more adequate, enemies less 
vigorous, and dangerous fluctuations of temperature far less frequent, 
in the sea than on land. 

The same features make the land faunas more clearly indicative 
of minor divisions of the scale, and of the progress of organic evolu- 
tion in the general region concerned; while less conclusive as to the 
contemporaneity of widely separated though analogous faunas. 

The liability to sudden extermination by epidemic diseases, or 
by sharp meteorologic changes of very short duration, or even by the 
incursion of multitudes of small enemies, insects, or carnivora injuri- 
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ous to the young, is vastly greater among the land vertebrates than 
among marine animals. Marine vertebrates are more subject to 
injury from temporary causes than are the invertebrates associated 
with them. A marked instance of this was the destruction of the 
“tilefish” of the middle Atlantic coast a quarter of a century ago, if 
the explanation finally accepted as most probable by Professor 
Baird and other experts be the true one. The “tilefish” inhabited 
a region where the water, warmed by the proximity of the Gulf 
Stream, was of a moderate temperature. The combination of violent 
winds from a quarter which led to the forcing to the eastward of the 
Gulf Stream water, and to the influx of much colder water from the 
Polar current into the area thus vacated, was believed to be respon- 
sible for the almost total extermination of these fishes, which were 
found floating dead and apparently uninjured in millions on the 
surface of the sea, by navigators bound into New York and adjacent 
ports. 

This temperature change which lasted at most for a few weeks 
would probably have had no effect whatever on the adult larger 
invertebrates of the same area, though to any of their larval young it 
might well have proved fatal. Another season would replace these, 
but the restocking of the fauna with “tilefish,” which finally took 
place, required many years. 

A statement of the factors which are regarded as modifying 
existing marine invertebrate faunas will put the student in possession 
of the chief factors which may have affected analogous faunas during 
past geologic time. My point of view is that afforded by a knowledge 
of conditions affecting molluscan life. 

Census oj species.—From a discussion too long to quote here in 
full," I have drawn the following conclusions: That the part of the 
average mollusk-fauna which is capable of leaving traces in the shape 
of fossils, under conditions not greatly differing from those of the 
present day, in a region where the temperature of the sea ranges 
during the coldest winter month between 32° and 40° F. (which 
might be called boreal), would comprise about 250 species. In case 
the temperature ranged between 40° and 60° (cool temperate) about 


' Bull. U. S. Geological Survey, No. 84, Correlation Papers, Neocene, 1892, pp. 
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400 species might be expected. With a range between 60° and 70° 
(warm temperate) we should find about 500 species, and in the /ro pical 
zone (70° to 80° F.) not less than 600 species; and in specially fa- 
vorable localities of the tropics nearly twice as many. 

Learning from the characteristic genera what zone of temperature 
a given fauna may have belonged to, we can with confidence predict 
approximately the number of species which it will prove to contain 
when fully explored. Of course in a single locality where the char- 
acteristic situs is exclusively mud, or rock, or fine sand, only a certain 
proportion of the total fauna will be represented, but these minor 
groups are not entitled to the designation of a fauna as used in this 
paper. 

Relations oj temperature to the jauna.—In considering the relations 
of temperature of the water to the fauna, account must be taken of the 
vertical differences. The temperature of the water at the surface 
differs materially from that at the bottom in most regions, where the 
depth is over a few fathoms. Arctic-or Antarctic species may extend 
in cold depths of ocean for thousands of miles; while, in the warm 
superficial strata above them and inshore from them, a totally different 
assembly lives and thrives. It is easy, in the case of widely diffused 
northern species, when deep water dredgings have revealed the distri- 
bution, to observe in the tables the boreal forms descending with the 
temperatures to deeper and deeper water as they approach the tropics. 
That this is so generally true is satisfactory evidence that the factor 
of pressure, being equalized by thorough permeation of the organism, 
is less effective in limiting distribution than most other factors. It 
seems incredible that the large eggs of abyssal mollusks can go through 
the processes of development under a pressure of tons to the square 
inch; since there must be a limit somewhere to the permeability of 
tissues. Still it is evident that they do. 

Why temperature should be so important in limiting distribution 
is a question which may be answered in several ways. Brooks has 
shown that, while the embryonic oysters (Ostrea virginica) are swim- 
ming at the surface of the sea, an entire brood may be destroyed to the 
last individual, by a fall in temperature of a few degrees, due toa cold 
rain. While it is not improbable that oysters from the northern part 
of the range of the species, say Nova Scotia, may have in the embry- 
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onic state a greater tolerance for a fall in temperature than those of a 
relatively warmer region like Chesapeake Bay or the coast of Florida, 
yet it seems likely that a certain narrow range of temperature is 
required for the developmental stages, and that the distribution of the 
species is limited to the area where such temperatures may be had 
during the spawning season. 

Thus, for example, young Chesapeake oysters of an inch and a 
half in breadth may be transported to the Pacific coast, planted in 
suitable locations, and will flourish well, growing even faster than in 
their native waters. Yet of the billions of spat which these oysters 
have discharged into the waters of the Pacific (fifteen or twenty 
degrees colder than the Chesapeake at spawning time) there is not a 
trace left in the shape of young oysters. In spite of the best efforts 
of the local oystermen the Chesapeake oyster has not become accli- 
mated. 

Another way in which temperature may affect a fauna is in pro- 
moting or inhibiting the minute plant-life which forms the food of 
many bivalves. In all cases it is certain that a fall below a certain 
level of temperature is more effective upon the animals subjected to 
it than a corresponding rise in temperature. The first, as I have 
indicated, may kill; the second, merely accelerate development. 

The very low temperatures nearly universal on the floor of the 
open ocean, and the otherwise uniform conditions that prevail there, 
offer favorable opportunities for wide distribution of boreal organisms. 
I am informed by Mr. A. H. Clark that the Antarctic Crinoidea, 
characterized by scaly segments, have penetrated by this road in the 
Eastern Pacific even to the Oregonian region; while on the opposite 
coast the smooth-segmented Arctic forms have been traced far to the 
southward. 

As indicators of subaerial conditions it is obvious that littoral 
invertebrates are more useful than those of deeper waters, since they 
are more exposed to climatic changes. It may happen that a vertical 
section of the submarine continental slope drawn at right angles to 
the coast from the shore to the oceanic floor may, and in most cases 
will, cut through a series of different faunas corresponding to the 
temperatures encountered. Off Cape Hatteras the cold inshore 
current from the north is the haunt of a cool-temperate fauna with 
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some boreal elements. Thirty miles off shore, in less than fifty 
fathoms, the fringe of the Gulf Stream protects a fauna in large part 
identical with that which characterizes the Bahama Banks and 
Bermuda. The large species of Venus, which penetrated to the north 
shore of the Gulf of Mexico with the cool Miocene water, have 
maintained themselves notwithstanding the subsequent rise of tem- 
perature and persist in these new conditions to the present day, a 
notable example of adaptation. On the other hand the subtropical 
Rangia and Corbicula, which advanced with the warm Pliocene waters 
far to the north of their original station, have left only sparsely scat- 
tered fossils as an indication of their invasion. 

In the later Tertiaries the proportion of recent species is sufficient, 
taking into account the present distribution of these species, to afford 
the means for a very probable estimate of the temperature which 
prevailed during the particular portion of Tertiary time when they 
formed part of the fauna. An interesting example of this is afforded 
by a small collection of fossils obtained by Stimpson in 1865, from 
above the lignitic coal measures in the northeast angle of the Okhotsk 
Sea, in Penjinsk Gulf." I have reported in full upon these fossils, 
and it is sufficient to say on this occasion that the climate and recent 
fauna of the locality are Arctic and the open water of the sea persists 
only for some three months of the year, while the species of fossils 
indicate that during their existence in the living state the annual 
mean air temperature, at the most moderate estimate, must have 
been 30° to 40° F. warmer than at present. Another instance has 
recently been brought to my attention. During the two seasons just 
past, collections have been made from the Pliocene auriferous gravels 
of the coast of Alaska near the town of Nome.’ — Thirty-three species 
have been identified of which seven appear to be new, eleven are 
now known living only south of the line of floating ice in winter, one 
is a Miocene species, and the remaining fourteen are common to the 
Alaskan fauna in general from the Arctic to British Columbia. This 

' Proc. U. S. Nat. Mus., Vol. XVI, No. 946, 1893, pp. 471-78, pl. LVI. The age 
of the fossil shells in the report upon these fossils was given as Miocene, but it is probable 
that like the analogous lignite deposits of the adjacent shores of America, the underlying 
coal measures may be referable to the Upper Eocene or Oligocene and may have been 
laid down contemporaneously with the American Kenai formation. 


2 Cf. Am. Jour. Science, Vol. XXIII, June, 1907, pp. 457, 458. 
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indicates clearly that during the Pliocene, when these gravels were 
being laid down, the climate of Norton Sound, now subarctic, was not 
colder than that of North Japan or the Aleutian Islands where the 
sea remains unfrozen throughout the entire year. This agrees well 
with the evidence from the marine Pliocene of the northeastern corner 
of Iceland, which has afforded over one hundred species, of which 
seventy-four are said to be common to the Crag fauna of the British 
Islands, corresponding to an annual mean air temperature not lower 
than 42° F., while it is hardly necessary to say that the present 
conditions in north Iceland are purely Arctic. A little patch of 
Pliocene at Gay Head, Mass., afforded a fragment of the genus 
Corbicula, now warm temperate in its distribution; while the older 
of the deposits at Sankoty Head, Nantucket, as well as those at Nome, 
show that some of the species which ranged at that period from Bering 
Sea to the North Atlantic are now strictly confined to temperate 
waters in their respective hemispheres. 

I have given most of my time to the relations of temperature to 
faunas, as this is the most important, pervasive, and obvious factor 
of the modifying environment, but there are a few others which may be 
briefly alluded to. 

The question of food is next in importance to temperature. It 
is true that the ocean almost everywhere is a generous provider for its 
inhabitants, so that only special scrutiny reveals important differences 
in the food supply, a large part of which is furnished by almost 
microscopic animals. Yet it has been conclusively shown that in 
places where a persistent movement brings constantly fresh supplies 
of food and well-aerated water, as on the continental slope washed 
by the Gulf Stream, or where the periodical ebb and flow of the tides 
there the oceanic population 


do the same thing on a smaller scale 
flourishes with especial vigor and abundance. Near the shores a 
special quota of plant-feeders live, in their turn furnishing provender 
for carnivorous species. The distribution of plant food in the shape 
of algae thus governs the distribution of the phytophagous species. 
We find on the basalts, andesites, and recent lavas of the Aleutian 
chain of islands, enormous groves of kelp and meadows of olivaceous 
rock-weed. Whether because of something in the chemical com- 
position of these rocks, or otherwise, the red and green seaweeds are 
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almost wholly absent from them. However, where the granitic 
masses which form the core of some of the islands (and in other 
places stand alone, domelike in the sea) are within reach of the waves, 
we find a special flora of the more bright-colored algae and a special 
fauna dependent upon them. No matter how isolated the patch of 
granite, the characteristic animals recur, and in many cases reproduce 
in their own tints the rosy hue of the plants upon which they depend 
for food. 

In the abysses where the absence of sunlight excludes plant life 
the animals are almost exclusively carnivorous and largely subsist 
on the abundant rain of dead organisms which slowly descends from 
the surface layers of the sea. 

It has been customary to regard the 1oo-fathom line as constituting 
a sort of boundary between the fauna of the shores and of the deeps. 
This has a certain foundation in the fact that at greater depths no 
living algae can exist for want of sunlight. A more or less constant 
migration, casual or accidental, is Constantly taking place between 
the littoral region and the deeps, but it is so slow, and the process of 
adaptation to the new conditions so gradual, that we may safely 
regard the abyssal fauna as even geologically old. I have called 
attention to certain features of the eastern Pacific and Antillean abyssal 
faunas which illustrate these remarks in the introduction to a recent 
monograph. ' 

Freshwater and terrestrial invertebrates are subject not infre- 
quently to one set of influences which is rarely noticed in the open 
sea. This is, in the case of the limnophilous species, a change in 
the mineral content of the water in which they live. This is usually 
gradual and when injurious chiefly due to the concentration of salts 
(which exist in all freshwaters arising from drainage) by evaporation. 
In the case of many large Pleistocene lakes, of which the prehistoric 
Lake Bonneville may be taken as an example, this process has been 
carried on until the saline content of the water became so excessive 
that all molluscan life became extinct, as in the Great Salt Lake of 
Utah. A careful study of the beds of shell-marl deposited by the 
shrinking lake shows that the effect of the gradually increasing 
salinity of the water on the freshwater mollusks contained in it was 


t Bull. Mus. Comp. Zodlogy, Vol. XLIII, No. 6, October, 1908, pp. 205-12. 
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to lead to a thickening and corrugation of the shell, a tendency to 
longitudinal ribbing, and a diminution in average size, all of which 
changes may perhaps be due directly to the astringent action of the 
salts of sodium and magnesium upon the thin and delicate margin 
of the mantle which secretes the additions to the shell. These char- 
acteristics become more and more pronounced as the waters become 
more saline, until finally the conditions become too rigorous for 
survival. The gradually intensified effect of the increase of salinity 
may be beautifully illustrated by a collection of the fossil shells from 
the successive marl beds around Great Salt Lake. Another instance, 
probably of the same nature, is afforded by the marls of Steinheim, 
in Wurtemburg, of which the mutations shown by the species of 
Planorbis, in particular, are described in the well-known monograph 
by Hyatt." 

A somewhat similar effect seems to be produced in the case of 
landshells inhabiting arid volcanic islands in windy regions. Here 
the astringent effect appears to be produced by the alkaline volcanic 
dust to which these animals living on almost bare shrubs or among 
sparse herbage are more or less constantly exposed. I have called 
attention to the conditions under which this effect seems to be pro- 
duced in a paper on the landshell fauna of the Galapagos Islands.’ 
This illustrates how upon animals of quite different systematic rela- 
tions, similar effects, simulating an apparent convergence, may be 
caused by the direct action of the environment upon individuals. 
Paleontologically these instances are worth noting, as otherwise the 
forms concerned might well be regarded as belonging to totally dif- 
ferent groups from the individuals which developed normally in an 
ordinary habitat. 

In conclusion I may call attention to certain factors which have 
serious importance in modifying the fauna of a large extent of coast 
catastrophically, and which inferentially are to some extent responsible 
for the marked changes we observe in different stratigraphic horizons 
where we do not find indications of coincident orogenic changes. 

' “Genesis of the Tertiary Species of Planorbis at Steinheim,” Anniv. Mem. Boston 
Soc. Nat. History, 1880, pp. 114, pls. I-IX, 4to. 

2 “Insular Landshell Faunas, Especially as Illustrated by the collection of Dr. G. 


Baur on the Galapagos Islands,” Proc. Acad. Nat. Sciences, Philadelphia, August, 1896, 
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In some regions, as the west coast of the Floridian peninsula, the 
strata may be slightly inclined so that the beds between which sub- 
terranean waters move have their edges beneath the sea. Torrential 
rains in the interior of the peninsula carry vegetable matter into the 
interstices of the soft limestone rocks, where it decays with the accom- 
panying production of carbon dioxide and sulphuretted hydrogen gas. 
This accumulates and under the hydrostati¢ pressure of an excep- 
tionally heavy rainfall is sometimes forced out beneath the sea from 
the edges of the submerged strata in sufficient volume to kill by suffo- 
cation every living thing along many miles of coast. This has 
happened on the coast of Florida several times within my recollection. 
The repopulation of the devastated area is slow and can rarely 
reproduce exactly the same assemblage of animals which previously 
occupied that area. 

Another mode in which widespread extermination of a sedentary 
population of invertebrates may be brought about is by the sudden 
appearance of vast multitudes of minute organisms like Peredinia. 
Within the last few years, both on the coasts of Japan and of Cali- 
fornia, the sea at times has been covered for miles with reddish clouds 
of these submicroscopic creatures. On their advent near the shore, 
driven by wind or currents, the shellfish, corals, and fishes are rapidly 
suffocated, and, if the pest continues, everything within the area it 
occupies will succumb. I have heard that, within two years, the 
Japanese pearlshell preserves on the seashore of that country have 
been almost wholly ruined by the organisms referred to, with the loss 
of hundreds of thousands of dollars, to say nothing of years of labor 
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I3. EOCENE-OLIGOCENE NORTH AMERICA 


The Eocene-Oligocene aspect of North America differed from the 
Cretaceous and resembled the present. The east and west were 
united. The Cordillera had begun its development as a system of 
many mountain chains, most, if not all, of which are represented in 
existing ranges; yet few, if any, of which have had an uninterrupted 
growth. They became high in the Eocene, but were greatly eroded 
in the Oligocene and Miocene. The volcanic activity which marks 
the Cordillera was very notable during the Eocene. The eastern 
part of the continent remained low. 

By erosion of the mountains and by contributions from the 
volcanoes great thicknesses of sediment accumulated in interior 
basins of the Cordillera. The deposits were in part fluviatile, in 
part eolian, in minor part lacustrine. On the map their distribution 
is shown by the ruling for continental deposits in the central west. 

In the Gulf region and also in Alaska extensive low lands and 
favorable climate produced extensive marshes which are now repre- 
sented by coal beds and are also indicated by the vertical ruling. 

The continental connections of North America during the Eocene 
and Oligocene appear to have been established and interrupted, as is 
shown by the relations of land animals. Osborn infers that there 
was intermigration with Europe during the Wasatch epoch,? and 
thenceforward separation from Europe until the Oligocene, when 
faunistic reunion took place. These inferences are suggested on the 
map by the temporary lands linking Alaska with Siberia and Green- 
land with England. 

' Published by permission of the Director of the U. S. Geological Survey. 


2 Osborn, H. F., ‘‘Cenozoic Mammal Horizons of Western North America,” 
U’. S. Geological Survey Bull. 361, 1909. 


593 


i 


BAILEY WILLIS 


_ EOCENE - OLIGOCENE . 


LEGEND 


OCEANIC BASINS 
MARINE WATERS (EPICONTINENTAL) 
SEA OR LAND. MORE LIKELY SEA 
LAND OR SEA, MORE LIKELY LAND 
LANDS 
| INDETERMINATE AREAS 


POLAR 


MARINE CURRENTS 


SS Wo 


SN SQ 


= 


IN 
CONTINENTAL DEPOSITS, SOMETIMES 
EQUATORIAL INCLUDING MARINE SEDIMENTS 

— 


— RARE WAG Ss 
= 


PALEOGEOGRAPHIC MAPS OF NORTH AMERICA 505 


The region of the West Indies was the seat of an embayment of 
the Atlantic, beneath which was deposited the widespread Oligocene 
limestone, characterized by the fauna of a warm oceanic current. 
This fauna spread north along the southeastern coast of the 
United States. 

I am indebted to Dr. Wm. H. Dall and Dr. Ralph Arnold for dis- 
cussion of the distribution of marine faunas and their relation to 
inferred currents. 


; 


PALEOGEOGRAPHIC MAPS OF NORTH AMERICA" 


BAILEY WILLIS 


U. S. Geological Survey 


I4. MIOCENE NORTH AMERICA 


In outline, North America during the Miocene resembled the 
continent during the Eocene. The surface was, however, less 
mountainous. The sites of the Sierra Nevada and of the Coast 
Range of British Columbia were plains or low hilly lands. The 
Rocky Mountains of the United States were comparatively low. In 
British Columbia, and thence southward through Washington, 
Oregon, and Nevada occurred outflows of lava, which covered 
many thousand square miles, but which in general were not from 
volcanoes. Though probably subordinate in volume of lava 
erupted, volcanoes were numerous and they gave off quantities of 
volcanic ash, which formed deposits in lakes, particularly in western 
Montana and British Columbia. 

The elevation of the Rocky Mountains of western Montana and 
British Columbia by overthrust, and subsequently the development 
of longitudinal valleys and separate ranges by vertical displacements, 
probably began in the Miocene period and may have culminated dur- 
ing Pliocene or early Quaternary time. 

In the West Indian region the close of the Oligocene period was 
marked by a notable disturbance, which raised a folded mountain 
chain from Puerto Rico to Cuba and probably continuously to 
Yucatan. It may also have closed the Isthmus of Tehuantepec and 
possibly have temporarily connected Honduras with South America. 
Another possible line of connection is around the eastern end of the 
Caribbean through the Windward Islands. If, however, such a land 
link united North and South America it was but temporary. 

The effect of the Cuban elevation, or of some other geographic 

' Published by permission of the Director of the U. S. Geological Survey 
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change not yet suggested, was to shut off from the northern Gulf and 
southern Atlantic coasts the warm currents which had sustained a 
rich southern fauna and to admit the cool northern waters with their 
appropriate life. A very pronounced faunal change, without any 
marked stratigraphic break in the sediments, was the result. 
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* Published with the permission of the Director, U. S. Geological Survey. 
+ Read before the Geological Society of America at the Baltimore meeting, Decem- 
ber 29, 1908. 
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SUMMARY AND CONCLUSIONS 
Summary 
Cycles of diastrophism 
Periods of maximum elevation and subsidence 
Changes in climate 
Diastrophic provinces 
INTRODUCTION 

This paper was presented as part of the symposium on “ Correla- 
tion” arranged by Mr. Bailey Willis as the principal subject for 
discussion in Section E of the American Association for the Advance- 
ment of Science, and later continued as the main feature of a special 
section of the Geological Society of America, at Baltimore during 
Convocation Week, 1908. The paper treats in a general way of the 
character and distribution of the sediments laid down, and the faunas 
and the conditions prevailing during the Tertiary period on the 
Pacific Coast of North America, more especially that portion lying 
between Puget Sound on the north and the Gulf of California on the 
south. The discussion is also restricted almost exclusively to the 
territory directly affected by the sea, as a detailed consideration of the 
conditions and faunas prevailing inland belongs more properly 
within the province of the paleobotanist and vertebrate paleontologist. 
Special attention is called at several places throughout the discussion 
to the extraordinary localization of many of the earth-movements 
affecting the region under discussion and the writer wishes to advance 
this localization of phenomena as an argument against the too free 
use of diastrophism, unsupported by paleontologic evidence, as a 
basis of correlation. 

The preparation of the paper has necessitated the correlation of 
the various Tertiary formations of the Pacific Coast—in fact the paper 
is obviously based on these correlations—and for that reason a general 
table of correlation is here included for reference. Lack of space 
prevents a discussion of the reasons for many of these correlations. 
Some of them differ from’ those previously published by the writer," 
but for the most part they are those usually accepted by West Ameri- 
can geologists and paleontologists. 

Jour. Geol., Vol. X, 1902, p. 137; Mem. Cal. Acad. Sci., Vol. III, 1903, p. 13; 
U’. S. Geological Survey Prof. Paper 47, 1906, p. 10; U.S. Geol. Survey Bull. 309, 1907, 
p. 143; tbid., 321, 1907, p. 21; tbid., 322, 1908, p. 27. 
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The fourfold subdivision of the Tertiary is the one which seems 
best to fit the phenomena of the Pacific Coast, although for con- 
venience of discussion in the present paper the writer has separated 
the upper from the lower Miocene on account of the diverse geologic 
histories of the two. It is obviously impossible to make exact correla- 
tions between the European and East American subdivisions on the 
one hand and the faunal and stratigraphic subdivisions of the Pacific 
Coast on the other, but by means of various direct and indirect 
methods it is possible, however, to make approximate correlations, 
and as the work progresses these approximations will be made to 
approach nearer and nearer to the exact. Paleontology forms the 
basis for the correlations, but other criteria, such as periods of wide- 
spread diastrophism and volcanic activity and profound changes in 
climate, have also been taken into consideration. It is well to men- 
tion here that the total thickness of Tertiary and Quaternary sedi- 
ments in California approximates 25,000 feet and that within the 
Tertiary and Quaternary periods, relatively short, geologically 
speaking, as compared with the earlier divisions of the time scale, 
probably more distinct and profound movements have taken place 
on the western border of our continent than have occurred over an 
equal length of time in any of the preceding periods within the limits 
of North America. 

Five maps have been prepared to elucidate the paper, each respec- 
tively representing the supposed distribution of land and water along 
the western border of the United States during the Eocene, the 
Oligocene, the lower Miocene, the upper Miocene, and the Pliocene 
and Pleistocene epochs. It is admitted that these maps are composites; 
that is, they represent the distribution not at any definite moment 
but throughout a period of time during which the local conditions 
usually changed but little relative to the changes taking place between 
these periods. For instance, the areas shown as subject to deposi- 
tion during the Eocene are the areas over which deposits were laid 
down at one time or another during the Eocene epoch. In the case 
of certain portions of Puget Sound and elsewhere, marine conditions 
prevailed during the early Eocene, brackish-water conditions a little 
later, and freshwater or river, and coal-marsh conditions toward the 
close. In other portions of the same general area the conditions 


| 
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alternated. It is obvious, therefore, that the legends on the maps are 
very general. Only in those instances where the body of water 
indicated as fresh remained fresh throughout practically the whole 
of its existence is it indicated as a freshwater area on the map. 

The periods chosen for representation and as units for discussion 
are neither of equal length nor of equal importance, and the lines 
separating them are in some instances arbitrary; but it is believed 
that they serve the purpose of systematizing the discussion better than 
any other plan of subdivision. The data are incomplete and the 
conclusions admittedly tentative, and it is expected that future 
investigations will disclose new and important information, which 
will necessitate alterations, but the fact remains that general reports 
of this kind, based as they are on the present state of our knowledge, 
often point the way to more exact results in the future. 
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THE EOCENE PERIOD 
RELATION OF THE EOCENE TO THE CRETACEOUS 

Before entering into the details of the geologic history of the 
Tertiary it is well to consider for a moment the relations existing 
between the earliest Tertiary rocks and those of the Cretaceous, and 
to note the conditions initiating the Tertiary, as implied by these 
relations. 

A widespread unconformity exists between the Eocene and the 
Cretaceous on the Pacific Coast of North America. Throughout 
Washington, Oregon, and certain parts of California, this uncon- 
formity is angular, while over considerable areas in California and 
at one locality in Oregon the unconformity may only be recognized 


by a more or less marked hiatus in the faunas. 
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It is a noteworthy fact that with one exception wherever the line 
between the marine Eocene formations (Martinez, Arago, Tejon, etc.) 
and the Cretaceous beds is marked by an angular unconformity, the 
underlying beds are either of lower 
Cretaceous (Knoxville) or middle } 
Cretaceous (Horsetown) age, and SS manne 
that wherever the Eocene rests on HEED Frcsnmaren 
the Chico, or upper Cretaceous, ex- 
cluding the case at San Diego, the 
unconformity is not angular, and as 
far as the stratigraphic evidence 


goes, the two formations represent 
an apparently uninterrupted period 
of sedimentation. 

The apparent conformability of 
the Eocene on the Cretaceous, to- 
gether with the superficial similarity 
of their faunas, led Gabb and 
Whitney of the early California 
Survey to class the Martinez and 
Tejon formations with the Cre- 
taceous. White, Stanton, and Mer- 
riam have, however, shown the 
Eocene age of the Martinez and 


lejon. Of the relationships existing 

between these two and the Chico, 
or upper Cretaceous, Dr. Merriam Fic. 1.—Map showing hypothetical 
has the following to say: distribution of land and water on the 


: a Pacific Coast of the United States 
The Martinez group, comprising in during Eocene time. 
the typical locality between one and two 
thousand feet of sandstones, shales, and glauconic sands, forms the lower part 
of a presumably conformable series, the upper portion of which is formed by 
the Tejon. It contains a known fauna of over sixty species, of which the greater 
portion is peculiar to itself. A number of its species range up into the Tejon 
and a very few long-lived forms are known to occur also in the Chico. Since 
the Martinez and Chico are faunally only distantly related it is probable that an 
unconformity exists between them.* 


t Jour. Geol., Vol. V, 1897, p. 775. 
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Another fact showing the relations existing between the Eocene 
and the Cretaceous is the occurrence in the Eocene beds in the Rose- 
burg fegion, Ore., of oysters so similar in appearance to the character- 
istic Cretaceous fossil, Gryphza, that without their accompanying 
Eocene fauna these oysters would certainly be mistaken for Cretaceous 
forms. 

CONDITIONS IMMEDIATELY PRECEDING AND INAUGURATING THE EOCENE 

Immediately preceding the Eocene period practically all of Wash- 
ington, all of Oregon excepting a small area along its southern border, 
the Sierran and desert region, and certain portions of the coastal 
belt of California were dry land. Most areas in California, and 
possibly also those in the Puget Sound region, which were occupied 
by the Chico or upper Cretaceous sea, were still under water, or at 
least elevated only slightly above sea-level and this without deforma- 
tion of the Chico beds or subsequent erosion before subsidence. 
Influences, however, which markedly affected the faunas without 
materially influencing the sedimentation, were actively at work, and 
it seems likely that these influences were due to worldwide climatic 
changes augmented by a readjustment of ocean currents following 
orogenic movements. In Washington, according to G. O. Smith, 
the deposition of the Cretaceous rocks seems to have been followed by an epoch 
in which they and older rocks were folded and uplifted. Thus was an early 
Cascade Range outlined, although it may be that the range had an even earlier 
origin. Accompanying the post-Cretaceous mountain growth were intrusions of 
granitic and other igneous rocks which now constitute a large part of the northern 
Cascades. During the time that any portion of this area was not covered by 
water the rocks were exposed to the vigorous attacks of atmospheric agencies. 
Thus, at the beginning of the Tertiary the northern Cascade region appears to 
have been a comparatively rugged country, although not necessarily at a great 
elevation above sea-level.' 

A study of the interrelations of the Cretaceous and Eocene forma- 
tions outlined in a preceding section clearly indicates that any impor- 
tant pre-Eocene mountain-building movements affecting the Creta- 
ceous rocks in the California province must have taken place before 
the deposition of the Chico or upper Cretaceous sediments. As 
shown by F. M. Anderson,? the movements immediately preceding 

t “Ellensburg Folio,” Geol. Atlas U. S., No. 36, p. 1. 

a Proc. Cal, Acad. Sci., 3d ser., “Geology,”’ Vol. II, 1902, p. 53. 
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the deposition of the Chico were accompanied by basic igneous 
intrusions. No profound movements and no volcanic activity 
accompanied the post-Chico (post-Cretaceous) movements in Calli- 
fornia as they did in Washington. 

Steep mountains bordered the youthful Eocene sea in southern 
Oregon, northeastern California, and north of San Diego, and 
occupied portions of one or more large islands in the region of Mon- 
terey and Santa Barbara counties south of San Francisco. Elsewhere 
the relief of the land appears to have been comparatively low and the 
shore-lines with few bays or estuaries. 

DISTRIBUTION AND CHARACTER OF SEDIMENTS 

Rocks of marine origin and Eocene age are found at many local- 
ities throughout Washington and Oregon west of the Cascade Range, 
and over considerable areas of the Coast Ranges in central and 
southern California. Although Eocene rocks probably once fringed 
the greater part of the western base of the Sierra Nevada, they are 
now all removed by erosion or covered by later formations except at 
one locality near Merced Falls. For the most part the Eocene rocks 
of the Pacific Coast are either sandstone or shale. Conglomerate is 
found at the base of the formation throughout southeastern Oregon, 
north of San Diego, and at a few localities along the northeastern 
flanks of the Coast Range; and at Port Crescent, Washington, 
Eocene fossils are associated with tuff; but these occurrences are 
exceptional. Also, diatomaceous shales occur at the top of the 
Eocene series in the vicinity of Coalinga, Cal., where they are believed 
to be the source of important deposits of petroleum. Coal and 
other indications of shallow- and brackish-water conditions are 
found over much of Washington and Oregon and California, usually 
overlying marine Eocene beds. The maximum thickness of the 
Eocene sediments varies from 8,500 feet east of the Cascades,' 
10,000 to 12,000 feet in western Oregon? to gooo+ feet in southern 
California.‘ 

CONDITIONS PREVAILING DURING THE EOCENE 

During the early part of the Eocene, marine conditions prevailed 

over a considerable territory that later was covered by brackish- or 


1G. O. Smith, Mt. Stewart Folio. 
2 J. S. Diller, Roseburg, Coos Bay, and Port Orford Folios. 
3 Ralph Arnold, U. S. Geol. Surv. Bull. 321, p. 21. 


‘ 
be 
t 


510 RALPH ARNOLD 


freshwater or swamp conditions. The regions thus affected include 
a large part if not all of the Puget Sound and western Oregon provinces 
and a considerable part of central California. How far these condi- 
tions extended eastward into central Washington and Oregon it is not 
possible to state owing to the covering of the Eocene by later volcanic 
flows. It is quite possible, however, that certain portions of the 
Sound country was at no time submerged under salt water, or if at 
all only for very short periods, for Willis states' that coal occurs 
both in the basal and upper portions of the Puget formation, which is 
believed to cover the period from the Eocene into the Miocene. He 
states further that “the physical history which is recorded in the 
Puget formation is one of persistent but frequently interrupted sub- 
sidence” in which “the alternation of coal beds with deposits of 
fine shale and coarse sandstone indicates that during this great sub- 
sidence the depth of water frequently changed.” He infers “that at 
times the subsidence proceeded more rapidly, and that the deepened 
water was then filled with sediment, until the tide-swept flats became 
marshes, and for a time vegetation flourished vigorously in the 
moist lowlands,” this rotation being repeated intermittently. This 
description of conditions is believed also to apply to much of Alaska, 
western Oregon, and portions of the interior valley of central Cali- 
fornia during the later Eocene. The epicontinental Eocene seas 
were for the most part rather shallow and in the later Eocene particu- 
larly were bordered by wide tide flats and marshes. 

In the region of Lower Lake in Lake County, Cal., in the Mojave 
Desert immediately north of the Sierra Madre, and in the vicinity of 
San Diego, the early Eocene (Martinez) sea was present, but later 
receded and these particular areas are believed to have been dry land 
during the later Eocene. The Mojave Desert basin may have been 
covered with freshwater at this later period as lake deposits believed 
to be largely of Eocene age are known from the region contiguous to 
it. This would be in accordance with the conditions prevailing in 
eastern Oregon? and Washington’ where great lakes existed during 
Eocene time immediately east of what is now the Cascade Range, 

t Tacoma Folio, p. 2. 

2J. C. Merriam, Bull. Dept. Geol. Univ. of Cal., Vol. Il, No. 9, p. 286, 1901. 


3G. O. Smith, Mount Stewart and Ellensburg Folios, Washington. 
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and possibly also east of the Sierra Nevada. Erosion tending toward 
a base-leveling of the Sierra Nevada and other elevated portions of 
the Pacific Coast must have proceeded rapidly during the Eocene as 
is evidenced by the great thicknesses of strata laid down during the 
period and by the fact that high relief was not present during the 
Oligocene except in rare instances, although the Oligocene in general 
was a period of uplift for much of the Pacific Coast province. 
OROGENIC MOVEMENTS AND VOLCANIC ACTIVITY IN THE EOCENE 

After the deposition of the early Eocene came a period of temporary 
elevation, erosion, and great volcanic activity in Washington, Oregon, 
and northern California. Extensive basaltic eruptions through long 
conduits and over the eroded rock surfaces took place in eastern Wash- 
ington and western Oregon, while in the region of the Olympic Moun- 
tains and eastern Oregon basalt flows and volcanic outbursts were 
also taking place. Eocene volcanic disturbances so pronounced in 
the north do not appear to have affected the Sierra Nevada nor the 
coastal region of California south of the Klamath Mountains. 

CLIMATE DURING THE EOCENE 

The faunas and floras of the Eocene indicate subtropical condi- 
tions for this period at least as far north as Puget Sound. The 
marine faunas of the Pacific Coast Eocene are closely allied to those 
of the Eocene of the southern states and the Eocene shells, Corbicula, 
for instance, as a rule belong to groups showing a predilection for 
warm waters. This supports the evidence offered by the floras which 
are of a decidedly tropical aspect. Doctor Knowlton has the following 
to say in connection with the flora of the Puget formation, which may 
be regarded as typical of the Washington, Oregon, and California 
Eocene: 

The lower beds [the Eocene portion of the Puget formation], on account of 
the abundance of ferns, gigantic palms, figs, and a number of genera now found 
in the West Indies and tropical South America, may be supposed to have enjoyed 
a much warmer, possibly a subtropical, temperature, while the presence of sumacs, 
chestnuts, birches, and sycamore in the upper beds [Oligocene and lower Miocene] 
would seem to indicate an approach to the conditions prevailing at the present 
day." 


t Tacoma Folio, p. 3. 
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THE OLIGOCENE PERIOD 
THE OLIGOCENE A PERIOD OF ELEVATION 
The Oligocene on the Pacific Coast was primarily a period of eleva- 
tion and erosion over many areas which are now land. As indicated 
by the fine character of most of 


the sediment deposited during the 


LecenD 


Marine 
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period, the relief was not strong, 
except in a few regions. Outside 
the Washington - Oregon province 
there are few evidences of the period, 
except a more or less marked un- 
conformity between the Eocene and 
lower Miocene, and these for the 
most part are on the extreme con- 
tinental border or along the edges 
of the provinces of persistent sub- 
sidence. The extreme localization 
of the post-Eocene movements is 
well shown in the southwestern San 
Joaquin Valley where the lower 
Miocene and Eocene are apparently 
conformable and again occur within 
a distance of a quarter of a mile 
separated by a profound angular 
unconformity. Strata of undoubted 
Oligocene age consisting largely of 


O.icocene 


| sandy to clayey shales and carrying 
Fic. 2.—Map showing hypothetical a characteristic marine fauna are 
distribution of land and water on the found at many localities throughout 


Pacific Coast during Oligocene time. ‘ 
the Puget Sound and northwestern 


Oregon areas and an isolated occurrence of similar beds is found 
in the Santa Cruz Mountains, a short distance south of San 
Francisco. Wherever their relations are known these beds lie 
conformable with the Eocene below and lower Miocene above; they 
therefore mark areas of persistent subsidence. A characteristic 
reddish to lavender formation (the Sespe), consisting of sandstone, 
shale, and some conglomerate found in Ventura and Los Angeles 
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counties in southern California, has been doubtfully referred to the 
Oligocene and the map made to agree with this correlation; but it is 
possible this formation is Eocene. 

Certain marine shales and sands underlying the lower Miocene 
beds in western Fresno and Kern County may also belong to the 
Oligocene. If so they imply that an arm of the sea remained in the 
San Joaquin Valley following the post-Eocene elevation that excluded 
marine conditions from much of the coastal belt of western America. 

The total thickness of the Oligocene over the region where it has 
been recognized varies from over 1,000 feet in Washington to 2,300+ 
feet in the Santa Cruz Mountains. The Sespe formation of Ventura 
and Santa Barbara counties, which has been tentatively correlated 
with the Oligocene, attains a maximum thickness of about 4,300 feet. 

CONDITIONS OF EROSION AND DEPOSITION 

With the close of the Arago stage (Eocene)' the Klamath Moun- 
tains and Coast Ranges of Oregon and California were uplifted to a 
moderate elevation and subjected to extensive erosion, in some 
localities completely removing the sediments deposited during the 
Eocene. With the possible exception of an area in Ventura County 
in southern California no mountains of strong relief contributed 
directly to the Oligocene sediments. In eastern Washington the 
great lakes which prevailed during the Eocene were elevated and the 
sediments which had been deposited in them were folded and eroded, 
the resulting detritus in addition to large quantities of volcanic 
ejectamenta being collected in bodies of freshwater in eastern Oregon 
farther south. It is thus known that with the elevation of this northern 
country volcanic activity still continued although on an insignificant 
scale as compared with the periods preceding and following the 
Oligocene. In California there is no evidence of volcanism in the 
Oligocene period. 

FAUNA AND CLIMATE OF THE OLIGOCENE 


What little is definitely known concerning the faunas of the 
Oligocene as a whole indicates their closer affiliation to the Miocene 
than to the Eocene. The fauna from the Oligocene of the Santa 
Cruz Mountains (San Lorenzo formation) and a similar fauna from 


1 J. S. Diller, Roseburg Folio. 
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Porter near Grays Harbor, in western Washington, are believed to be 
the oldest of the definitely known Oligocene. In these assemblages 
are several species showing distinct Eocene affinities; in the later 
Oligocene the forms are decidedly more closely allied to Miocene 
forms. The climatic conditions prevalent on the west coast of the 
United States during the Oligocene are believed to have been transi- 
tional from the subtropical of the Eocene to the more temperate of the 


lower Miocene. 


THE LOWER MIOCENE PERIOD 
CONDITIONS INAUGURATING THE LOWER MIOCENE 

The Oligocene period of elevation and moderate erosion was 
followed by diastrophic movements of a most interesting and important 
character. It was during this post-Oligocene period of disturbance 
that definitely recognizable movements along what is now termed 
the great earthquake rift and associated rifts of California first took 
place. Although profound regional subsidence was the rule in 
central and portions of southern California, local movements along 
the faults mentioned elevated blocks of the pre-existing formations 
into islands, usually of considerable relief, in the region now occupied 
by the Coast Ranges. It is in a study of details such as the distribu- 
tion of the land and water in these fault zones that composite maps, 
such as those accompanying this paper, become entirely inadequate 
and sometimes misleading. Suffice to say that beginning with the 
pre-Vaqueros (pre-lower Miocene) period of disturbance many of the 
major blocks within the general fault zone of the Coast Ranges, and 
to a lesser extent, the minor blocks within the major masses, were 
seldom at rest for more than relatively short periods up to the present 
day. Some folding took place during the pre-Vaqueros period, but 
it was local in character, such as that exhibited in the Coalinga 
district, and of minor importance as compared with the vertical 
movements of the large masses. One of the most significant facts in 
connection with the lower Miocene subsidence was the retention of 
its position above sea-level of the Sacramento Valley region at a 
time when the San Joaquin Valley to the south was subjected to 
marine conditions. This discordance of movement between the two 
ends of a continuous basin, which in the discussion of California 
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geology has heretofore been considered as a unit, is believed to be 
related to the positive or upward-tending forces accompanying or 
immediately preceding the important volcanic activity which took 
place during early Miocene' time adjacent to the Sacramento Valley, 
and northward into Washington, but 


which are absent or insignificant in 
the region contiguous to the San =. 
Joaquin. In this connection it is 

also worthy of note that the greater 
part of the Willamette Valley was 
also out of water during the lower 


Miocene.’ 

DISTRIBUTION AND CHARACTER OF 

SEDIMENTS 

The Vaqueros or lower Miocene 
proper, and the Monterey or lower 
middle Miocene epochs have been 
included in mapping and discussing 
the lower Miocene, for together they 
mark by subsidence the beginning 
of a new geologic cycle following 
the Oligocene elevation. Locally | 
the Vaqueros and Monterey have 
totally unlike histories. The Vaque- 
ros in the Coast Ranges of central 


California is characteristically con- 

glomeratic at the base, and sandy, |,|LowerMicene we 

with minor quantities of shale, in ss i : 


its upper portion. In the northern Fic. 3.—Map showing hypothetical 


part of southern California it is , 
Pacific Coast during lower Miocene 

largely dark arenaceous shale as- ime. 

sociated with minor quantities of 

sandstone. The Monterey, on the other hand, is composed 

largely of diatomaceous material with minor quantities of sand- 


distribution of land and water on the 


stone, fine volcanic ejectamenta, and limestone, the last three 


tJ. C. Merriam, Bull. Dept. Geol. Univ. Cal., Vol. V, p. 173. 


2 Oral communication from Mr. Chester W. Washburne. 


/ 
é<..../ 
| 
| 7 
iP / i 
} Q / 
= / 
= 
| 
| \ 
4 


522 RALPH ARNOLD 


usually more noticeable toward the base. The Modelo formation 
of Ventura County, the probable equivalent of the Monterey, con- 
tains two important coarse sandstone zones. In the region of Mount 
Diablo the Vaqueros and Monterey formations comprise alternations 
of sandstone and shale. In Washington and Oregon the whole lower 
Micoene is largely sandstone with some associated shale. A gradual 
gradation between the two formations is the rule, although their 
contact is often sharply marked and in some places is an angular 
unconformity.‘ The thickness of the Vaqueros is as much as 3,000 
feet, that of the Monterey over 5,000 feet, a total for the whole of the 
lower half of the Miocene of over 8,000 feet. 
CONDITIONS OF DEPOSITION 

The deposition of the lower Miocene (Vaqueros) sediments was 
inaugurated over much of the submerged territory, along the shores 
of islands of sharp relief. Erosion and deposition were rapid within 
local basins, especially in the region from the Santa Cruz Mountains 
southward to San Luis Obispo County, and still there were localities 
within these areas of intense sedimentation where deposition was 
slow. It is the belief of the writer that these variations were depend- 
ent, at least in part, on the positions of the areas in question relative 
to the steep or low slopes of tilted fault blocks. 

Over those portions of southern California, such for instance as 
in Ventura County, where the sea supposedly occupied the present 
land-area during the Oligocene, the conditions during the Vaqueros 
(lower Miocene) were quite different from those northward in the 
Coast Range archipelago. Instead of the littoral conditions accom- 
panied by rapid and coarse sedimentation of the latter province there 
was in the Ventura County area deep water with slower deposition 
and finer sediments, especially in the earlier Miocene. 

The lower middle Miocene (Monterey) shale formation is one of 
striking individuality, and conditions of unusual character prevailed 
during its period of deposition.? The land which had begun to 
subside at the beginning of Miocene time, later, at the inauguration 
of the middle Miocene, sank over a large part of the region of Cali- 

' Branner, Newsom, and Arnold, Santa Cruz Folio. 

2 For a fuller description of the Monterey see A. C. Lawson and J. D. L. C. 


Posada, Bull. Dept. Geol. Univ. Cal., Vol. I, pp. 22 ff.; H. W. Fairbanks, ibid., Vol. IT, 
pp. 9 ff.; Ralph Arnold and Robert Anderson, U’. S. Geol. Survey Bull. 322, pp. 35 ff 


| 


TERTIARY FAUNAS OF THE PACIFIC COAST 523 


fornia now occupied by the Coast Ranges and fairly deep water con- 
ditions became prevalent. A large area embraced between the 
Salinas and San Joaquin valleys and extending northward from the 
Antelope and Cholame valleys well toward the Livermore Valley was 
an exception to this general subsidence, and although much of it had 
been under water in Vaqueros time it was probably dry land or at 
least an area not subject to sedimentation during the Monterey. The 
wearing-away of extended land-areas ceased as they became sub- 
merged, and the material for the formation of coarse detrital deposits 
was no longer plentiful. Although the total thickness of the Monterey 
approximates a mile it is not probable that the depth of the sea at 
any time was as much as this, being more likely closer to half a mile. 
During the period of transition between the Vaqueros and the 
Monterey, limestone was formed chiefly, but somewhat inclosed 
basins where deposits of alkaline mud were laid down apparently 
existed in places. Such a basin is indicated by the alkaline gypsifer- 
ous clays on the south side of the Casmalia Hills, in northwestern 
Santa Barbara County, probably representing upper Vaqueros. 
During the early part of the middle Miocene (Monterey) time 
conditions were variable, calcareous and siliceous deposits alternating, 
probably as a result of alternating temporary predominance in the 
sea of organisms with calcareous or siliceous shells. As the period 
progressed the siliceous organisms became more predominant and 
remained so, making up a large fraction of the total bulk of the 
Monterey formation. It was an age of diatoms. These small marine 
plants lived in extreme abundance in the sea and fell in showers with 
their siliceous tests to add to the accumulating ooze of the ocean 
bottom, just as they are forming ooze at the present day in some 
oceanic waters. It is well known that diatoms multiply with extreme 
rapidity. It has been calculated that, starting with a single individual, 
the offspring may number 1,000,000 within a month. One can con- 
ceive that under very favorable life conditions, such as must have 
existed, the diatom frustules may have accumulated rapidly at the 
sea bottom and aided the fine siliceous and argillaceous sediments 
in the quick building-up of the thick deposits of middle Miocene time, 
some of which are a mile through. These diatomaceous shales are 
the source of some of the richest petroleum deposits of California. 
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VOLCANIC ACTIVITY IN THE LOWER MIOCENE 
The most important display of volcanic phenomena on the Pacific 
Coast took place during the early and middle Miocene, and probably 
reached its climax at the time of the widespread post-early middle 
Miocene (post-Monterey) disturbances. Great volcanoes were active 
throughout eastern Washington and Oregon and in the Coast Ranges 
of California from the Santa Cruz Mountains at least as far south 
as the Santa Ana Mountains in Orange County. The lavas and tuffs 
emitted by these volcanoes, and the associated intrusions, were basic 
in character. Certain facies of the Monterey are believed by Lawson 
and Posada‘ to consist of fine volcanic ash ejected from distant 
volcanoes of the period. 
FAUNAS AND CLIMATE OF THE LOWER MIOCENE 
The marine faunas of the lower Miocene or Vaqueros are well 
known and of widespread occurrence in the Coast Ranges of Cali- 
fornia; those of the Monterey, owing to the peculiar character of its 
sediments, are meager and little understood. A general survey of 
the fauna, however, indicates conditions approximate to those now 
existing in the coastal provinces, although certain forms of southern 
extraction, such as large cone shells, numerous arcas, and other types, 
indicate possible warmer environment. The evidence of the mol- 
lusks is supported by that of the plant remains, at least in so far as it 
relates to the region of Puget Sound, for there, according to Knowlton,’ 
the presence of sumacs, chestnuts, birches, and sycamores in the 
upper Puget group [probable lower Miocene] would seem to indicate 
an approach from the subtropical conditions of the Eocene to the 
conditions prevailing at the present day. 
PERIOD OF DIASTROPHISM IN THE MIDDLE MIOCENE 
One of the most widespread and important periods of diastro- 
phism in the Tertiary history of the Pacific Coast was that immediately 
following the deposition of the Monterey or lower middle Miocene. 
Its effects are visible from Puget Sound to southern California. It is 
marked as much by readjustment, by local faulting and folding as by 
general movements of elevation and subsidence. In some regions the 
' Bull. Dept. Geol. Univ. Cal., Vol. I, pp. 24 ff. 


2 Tacoma Folio, p. 3. 
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folding and faulting were intense, the greatest disturbances accom- 
panying the uplift of the mountain ranges to an altitude of thousands 
of feet. In other regions low broad folds were formed during the 
post-Monterey disturbance, and the strata were not upheaved to a 
great altitude. Faulting on a most magnificent scale took place along 
the earthquake rift and certain other fault-zones, especially that in the 
Salinas Valley, and along these lines of displacement, masses of 
granitic rocks, which during the preceding epoch had been subject 
to little or no erosion, were suddenly thrust upward and left exposed 
to the ravages of streams that assumed the proportions of torrents in 
certain regions, as for instance adjacent to the Carrizo Plain in south- 
central California. The post-Monterey disatrophic movements in 
the Puget Sound province also produced sharp relief as is evidenced 
by the coarse sediments deposited immediately following the disturb- 
ance. The localization of movement during the period is exemplified 
at numerous localities in the Coast Ranges. 

Throughout much of the coastal belt, and probably likewise in 
the interior, great volcanic activity took place during the middle 
Miocene, this being the last epoch of volcanism in the Coast Ranges 
south of San Francisco. During this post-Monterey period of 
‘diastrophism general subsidence took place over most of the areas 
which were under water during the lower Miocene, and, in addition, 
extended northward from San Francisco Bay into the Sacramento 
Valley and along the coast to the California-Oregon line and south- 
ward down the Willamette Valley of Oregon. A new channel was 
apparently opened across the northwestern end of the Olympic 
Peninsula, and the Colorado Desert country of southern California 
and Arizona which for a very long time had presumably been free 
from marine conditions was occupied by an arm of the sea. 


THE UPPER MIOCENE PERIOD 

DISTRIBUTION AND CONDITIONS OF DEPOSITION 
With the possible exception of that in the Eocene the subsidence 
immediately preceding and extending into the upper Miocene was 
the most important in the Tertiary history of the Pacific Coast. As 
a result, the formations of this epoch occupy a very considerable 
percentage of the surface of the present land-area. The sediments 
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in the southern Coast Ranges, especially, are largely derived from 
granitic rocks and are usually coarser at the base, becoming finer and 
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Fic. 4.—Map showing hypothetical 
distribution of land and water on the 
Pacific Coast during upper Miocene 


time. 


finer toward the top, possibly indi- 
cating a subsidence greater than the 
concomitant sedimentation. Excep- 
tions to the rule of coarse basal 
sediments are not uncommon, how- 
ever, and in the Santa Cruz 
Mountains and also in_ eastern 
Monterey County, Cal., the uncon- 
formable deposition of fine shale 
directly upon older rocks is a well- 
marked phenomenon. This, of 
course, indicated a sudden and 
rather deep submergence of the 
areas in question at the initi ation 
of the upper Miocene. Conditions 
favoring the life of diatoms, so 
marked in the Monterey, continued 
over part of the Monterey diato- 
maceous shale territory during the 
upper Miocene (Santa Margarita 
and Fernando formations). The 
areas of maximum deposition 
during the period were apparently 
on the southwestern side of the San 
Joaquin Valley in western Fresno 
County and in central Ventura 
County, Cal., where thicknesses of 


over 8,000 feet of sediments, belonging largely to the upper Miocene, 


occur. 


EROSION AND VOLCANIC ACTIVITY 


The peneplanation of the Klamath Mountains and the Sierra 
Nevada was probably completed during the upper Miocene, the 
detrital material from these land areas forming the great deposits in 
the San Joaquin and Sacramento valleys and the coastal belt of 
northern California. Erosion was practically continuous in these 
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first-mentioned areas from the beginning of the Eocene, but the final 
approach toward base level was probably not attained until the close 
of the upper Miocene. Volcanic activity had ceased on the Coast 
Ranges south of San Francisco during the inauguration of the upper 
Miocene, and had become subdued if not suppressed in the coastal 
belt to the north. In Oregon’ and possibly also in the vicinity 
of Mount Diablo, east of San Francisco, in northeastern California, 
and in Washington volcanoes still persisted. 


FAUNAS AND CLIMATE OF THE UPPER MIOCENE 

The upper Miocene as here mapped and described embraces 
several formations, each carrying a more or less well-defined fauna. 
The most characteristic of these, in the order of age, are the Santa 
Margarita, typically developed in San Luis Obispo and Monterey 
counties, Cal., the Empire of Oregon, and the San Pablo of the San 
Joaquin Valley. All three of these indicate conditions approaching 
those of the present day, though leaning toward warmer climates. 
Toward the end of the Miocene and the beginning of the Pliocene, 
the forerunners of the upper Pliocene sub-boreal invasion which was 
to come, began to be felt. A cool-water fauna is found in the upper- 
most Etchegoin (upper Miocene) formation in the Coalinga district, 
this being followed by a freshwater fauna. In the lower Pliocene 
faunas of southern California are the last representatives of certain 
unique species of Pecten which were abundant in the upper Miocene 
of central California, but which migrated southward during the 
late Miocene, and became extinct before the Pliocene in the territory 
where they formerly had been so abundant. The abundance of 
huge oysters, pectens, and certain subtropical echinoid types in the 
Santa Margarita implies shallow, rather warm, water—these con- 
ditions being due in part, at least, to the local sheltered bodies of water 
which occupied the southern Coast Ranges during that period. The 
Empire fauna, best developed along the edge of the open upper 
Miocene ocean, extended from at least as far north as the Straits 
of Fuca to the region of the Santa Cruz Mountains and possibly 


farther south. 
The strong resemblance between the Etchegoin fauna of the 


tJ. C. Merriam, Bull. Dept. Geol. Univ. Cal., Vol. V, p. 173. 
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Kettleman Hills in southern Fresno County, Cal., and the Carrizo 
Creek beds of the Gulf province of southeastern California has led to 
the correlation of the latter with the former, although the writer’s first 
examination of the Carrizo Creek fossils led to his placing them 
tentatively in the lower Miocene.'' This correlation of the beds with 
the upper Miocene seems best to fit the conclusions based on other 
criteria such as faunal relations, character of sediments, sequence of 


geologic events in this province, etc. 


THE PLIOCENE AND QUATERNARY PERIODS 
CONDITIONS OF DEPOSITION AND CHARACTER OF SEDIMENTS 

Sedimentation was continuous from the Miocene through the 
Pliocene and on into the Quaternary over large areas along the 
Pacific Coast, but there was a marked change in the conditions sur- 
rounding the deposition at various times within this long period. In 
a limited coastal belt, marine conditions marked the Pliocene and 
Quaternary as well as the upper Miocene, while farther inland fresh- 
water, possibly alternating with short brackish-water or even marine, 
conditions prevailed during the Pliocene and Quarternary. This 
change from marine to lacustrine environment in the basin provinces 
of the Coast Ranges was probably brought about by two causes: 
first, a gradual elevation of the whole coast, and second, as suggested 
by Newsom,? movements along the earthquake rift and other faults 
in which certain of the blocks were elevated, forming barriers across 
pre-existing channels between the interior basins and the ocean. 
Faunal evidence indicates that those basins farthest inland, such 
as the San Joaquin Valley, became fresh possibly earlier in the Pliocene 
than those nearer the sea, such as the Santa Clara Valley basin. 

The marine Pliocene deposits consist largely of fine sand and soft 
shale, and sometimes marl, while the freshwater sediments usually 
include considerable thicknesses of coarse, more or less incoherent 
gravels, hardened silt and sands. The maximum thickness of the 
marine Pliocene is attained in the Merced section immediately 
south of San Francisco, where approximately 4,000 feet of strata 
of Pliocene age are exposed. The greatest thickness of freshwater 

t Science, N. S., Vol. XIX, 1904, p. 503. 


2 “Santa Cruz Folio,” Geologic Atlas U. S., 1g09. 
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Pliocene occurs along the southwestern border of the San Joaquin 
Valley in western Fresno and Kings counties where the Tulare 
formation, largely of Pliocene age, attains a thickness of about 3,000 


feet. 


DIASTROPHISM AND VOLCANISM IN THE PLIOCENE 


The most important movements inaugurating the Pliocene seem 
to have been an elevation of the Sacramento Valley and certain por- 


tions of the coastal belt of northern 
California and Oregon and_ the 
closing of the connection between 
the south end of the San Joaquin 
Valley and the southern California 
province. Although sedimentation 
was practically continuous from the 
Pliocene into the lowest part of the 
Pleistocene over much of the Pacific 
Coast, there is in parts of southern 
California a sharp line of uncon- 
formity between the Pliocene and 
Pleistocene. The extreme localiza- 
tion of the movements producing 
this unconformity is well exemplified 
at San Pedro, near Los Angeles, 
where the Pleistocene is separated 
from the Pliocene by an angular 
unconformity at Deadman Island, 
while half a mile distant on the 
mainland the same formations are 
perfectly conformable. Volcanic 
activities of a more or less com- 
plicated nature took place in certain 
portions of northern and central 
California during the Pliocene, while 
in the same period and probably up 
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Fic. 5.—Map showing hypothetical 
distribution of land and water on the 
Pacific Coast during Pliocene time. 


to a very recent date certain areas in the Sierra Nevada and Cascades 
have felt the effect of volcanism to a marked degree. 
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DIASTROPHISM IN THE QUATERNARY 

Important and more or less widespread periods of diastrophism 
later than the one terminating the Monterey (middle Miocene) 
period of deposition occur in the Pleistocene. Up to the time of the 
discovery of certain indisputable evidence' regarding the Pleistocene 
age of beds affected by certain of these latest mountain-forming 
movements, the diastrophism had been considered as closing the 
Pliocene and initiating the Pleistocene. Minor movements produ- 
cing local unconformities took place in central and southern Cali- 
fornia at various times during the Pleistocene in addition to the more 
far-reaching disturbances in the same epoch. The latest diastrophism, 
including the elevations and subsidences of the coast line, the recent 
movements along the earthquake rift, etc., are familiar to all. The 
localization of many of these movements is known already; the locali- 
zation of many more of them will, it is believed, become clear when 


they are studied in detail. 


FAUNAS AND CLIMATE OF THE PLIOCENE AND PLEISTOCENE 

The faunas of the Pliocene and Pleistocene freshwater deposits 
are closely related and in some cases almost identical to the living 
faunas of the same province, while the marine faunas, on the other 
hand, indicate profound variation of environment, at least as regards 
temperature. Dr. Philip P. Carpenter? was the first to point out the 
cold-water faunas of the upper Pliocene and lower Pleistocene of the 
Pacific Coast. His conclusions have been strengthened by later 
workers, and in addition it has been shown that the latest Pleistocene 
faunas of the same region are of a type more tropical than those now 
inhabiting the shores of the Pacific Coast of the United States. It is 
thus evident that the warm temperature of the upper Miocene gave 
place to cooler conditions just before or at the beginning of the lower 
Pliocene, and to sub-boreal conditions in the upper Pliocene and 
lower Pleistocene. The later Pleistocene showed a very marked 
increase in oceanic temperature over the lower Pleistocene, even 
approaching subtropical warmth, and this, in turn, being followed 
by the conditions now prevailing. At some time during the upper 

t Mem. Cal. Acad. Sci., Vol. III, 1903, pp. 53-55. 


2 Ann. and Mag. Nat. Hist., 3d Ser., Vol. XVII, 1866, p. 275. 
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Miocene and Pliocene, conditions prevailed favoring the migration 
of similar faunas into Japan and California or intermigration between 
the two. This is shown by the close similarity of certain pectens 
found in the upper Miocene in California, in still later beds in Alaska, 
and in the living fauna of Japan. The general resemblance of the 
late Tertiary faunas of California and Japan also favors this conclu- 


sion. 


SUMMARY AND CONCLUSIONS 
SUMMARY 

Following the period of elevation and erosion at the close of the 
Cretaceous, the Eocene was inaugurated by a subsidence below sea- 
level of the greater part of western Washington and Oregon and the 
western part of central and southern California. Volcanic activity 
was pronounced in the early and middle Eocene. Later in the 
Eocene brackish- and freshwater conditions prevailed over the same 
area, and extended over much of Alaska. The fauna and flora of 
the Eocene were tropical to subtropical. The Oligocene was a period 
of elevation with marine conditions restricted to a much smaller 
area than in the Eocene. The fauna was transitional with stronger 
affinities toward the Miocene. The lower Miocene marked a wide- 
spread subsidence in the coastal belt which was followed by a period 
of mountain building and great local deformation, volcanism, etc. 
The Miocene faunas and floras indicate conditions comparable with 
those of the present day, or possibly a little warmer, except at the 
very close, when cool conditions began to prevail. The upper 
Miocene was a period of subsidence, with ideal conditions for maxi- 
mum deposition of sediments in local basins. During Pliocene and 
early Pleistocene time there was a continuation of many of the upper 
Miocene conditions, except that marine environment gave place 
locally to freshwater. The marine fauna of the upper Pliocene and 
lower Pleistocene indicates sub-boreal conditions in southern Cali- 
fornia, followed by conditions in the middle or later Pleistocene more 
tropical than those of today. A period of elevation and considerable 
local deformation in the early Pleistocene inaugurated the present 
conditions on the Pacific Coast. Many of the movements occurring 
throughout the Tertiary were of local extent, and, for that reason, 
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correlation on a basis of diastrophism, unsupported by paleontologic 
evidence, is extremely hazardous. 
CYCLES OF DIASTROPHISM 

The period of the Tertiary uplift of the last worldwide cycle of 
diastrophism has been marked by two complete subcycles in the 
Pacific Coast of North America. The first was begun with gradual 
submergence in early Eocene, was continued by a gradual elevation 
in the later Eocene when marine conditions gave place to brackish- 
or freshwater conditions, and was completed by the epoch of uplift 
and erosion in the Oligocene. The second was initiated by submer- 
gence in the Miocene, was continued by the gradual elevation in the 
Pliocene, when, as in the later Eocene, freshwater conditions sup- 
planted marine, and has been practically completed by the Quaternary 
uplift which marks the present position of the continent. 

PERIODS OF MAXIMUM ELEVATION AND SUBSIDENCE 

The periods of marked elevation were the Oligocene, late Plio- 
cene, and Quaternary; the periods of maximum subsidence were the 
middle Eocene and upper Miocene; the periods of greatest volcanic 
activity were the middle Eocene and the middle Miocene. It is note- 
worthy that the periods of maximum volcanic activity were practically 
coincident with the periods of maximum subsidence in adjacent 
areas. 

CHANGES IN CLIMATE 

The climate was tropical to subtropical in the Eocene, transitional 
from this to warm temperate in the Oligocene, warm temperate in the 
Miocene, transitional from this to sub-boreal in the lower Pliocene, 
sub-boreal in the upper Pliocene and lower Pleistocene, and warm 
temperate in the later Pleistocene. 

DIASTROPHIC PROVINCES 

The study of the Tertiary history of the Pacific Coast shows the 
following positive elements or areas of persistent uplift in the coastal 
belt: The Olympic Mountains; a more or less uncertain, probably 
disconnected, belt along the western part of Washington and Oregon; 
the region of the California-Oregon line and thence eastward toward 
the Blue Mountains of southeastern Washington; the Santa Lucia 
Range, south of Monterey Bay; the region north and northeast of 
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San Diego; and the Peninsula of Lower California. The Sierra 
Nevada and Sierra Madre and San Bernardino and San Jacinto 
mountains may also be considered in the same class. The region of 
Santa Catalina and San Clemente islands off southern California 
belong to an area about which little is known previous to the Miocene, 
although it is the belief of the writer that they are in a belt of more or 
less persistent uplift. 

The negative elements or areas of persistent subsidence are: Puget 
Sound; the Willamette Valley; the San Joaquin Valley, and the 
Sacramento Valley to a less degree; central Ventura County; and, 
since the Eocene, the Salinas Valley, and the vicinity of Los Angeles. 
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THE GASES IN ROCKS' 


R. T. CHAMBERLIN 


The University of Chicago 


It has been known for a long time from microscopic studies that 
some minerals inclose minute cavities which contain both liquid and 
gaseous matter. For a much shorter period it has been known that 
various igneous rocks, when exposed to red heat in a vacuum, evolve 
several times their volume of gas, and that this gas is of quite variable 
composition. Since these gases occur in proportions entirely different 
from those of the constituents of the air, it has not seemed probable 
that they were derived directly from our present atmosphere, unless 
the rocks manifest some power of selective absorption not now under- 
stood. The apparent difficulties involved in this conception have 
suggested that some earlier atmosphere was rich in those gases. This 
involves a hypothesis relative to the changes through which the atmos- 
phere has passed, and leads on to a theory of its origin and that of 
the earth itself. An alternative hypothesis regards these gases, not 
as the products absorbed by a molten earth from its surrounding 
gaseous envelope, but as entrapped in the body of the earth during 
its supposed accretion, and hence as a source from which acces- 
sions to our present atmosphere might be derived. A_ study 
of the gases in the rocks has seemed, therefore, to give promise of 
results of some value to atmospheric problems and, perhaps, to those 
of cosmogony. Because of this, it has appeared advisable to deter- 
mine more widely the range and the distribution of these gases, their 
relations to other geologic phenomena, and the states in which the 
gases, or gas-producing substances, exist in the rocks. 

THE ANALYSES CLASSIFIED 

In these studies the gases were extracted for analysis by heating 

the powdered rock material to redness in a vacuum and pumping off 

This paper presents in a brief form some of the results discussed at greater 
length in ‘The Gases in Rocks,” Publication Ne. 106 of the Carnegie Institution of 
Washington. For a detailed description of the analyses, a discussion of the chemical 
aspects of the problem, and an outline of the work previously done in this field, recourse 


must be had to the original paper. . 
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the evolved gas. In all, 112 complete analyses were made besides 
numerous special or partial analyses connected with various experi- 
ments. These may perhaps be most advantageously and _ briefly 
shown when collected into groups. To make these tables as com- 
plete as possible, not only the results of the author’s studies, but all 
the available analyses of other investigators, have been included in 
the lists. Except in the case of four of the five analyses by Tilden, 
relative to which sufficient data are not given, all of the figures in 
these tables refer to volumes of gas per volume of rock. Previous 
investigators have usually given the total volume of gas and the per- 
centages of each constituent. From these I have calculated the vol- 
umes for each individual gas. The numbers in the first column are 
the analysis numbers used in Table 8 of the original paper.' 

In making the averages of the analyses, it should, perhaps, be stated 
that in those cases where, on account of excessive carbonation of the 
rocks, no figures are given for carbon dioxide, the average amount 
of this gas calculated from the other analyses is assumed to be 
present. This addition is made to the average total and makes this 
figure slightly greater than the average of the column which it foots. 
The same method has been used for carbon monoxide in the three 
of Travers’ analyses where carbon monoxide and hydrogen are 
put together. 

The figures for the Orgueil meteorite which yielded such a remark- 
able amount of sulphur dioxide make the average for the sulphur 
gases an abnormal one. The presence of this gas in quantity must 
mean that the meteorite has suffered much from weathering and oxida- 
tion subsequent to its fall. Considerable troilite has passed into iron 
sulphate which has been decomposed by the heat of the combustion- 
furnace. 

Omitting the sulphur dioxide of this specimen, the average total 
volume of gas from stony meteorites is reduced to 4.80 times the vol- 
ume of the meteoritic material. 

Methane was determined in only two of these analyses. In these 
two it averaged 0.10 volume; but in order to make the figures con- 
sistent in the table, it was necessary to average these as if the eight 
other meteorites vielded no marsh-gas, though it is highly probable 


' Carnegie Publication No. 106, pp. 14-22. 
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that this gas was present and has been included in the figures given 


for hydrogen. 


The unusual amount of gas from the Arva specimen recalls the 
behavior of the Toluca meteorite," which, at the first attempt, pro- 


TABLE III 
STONY METEORITES 


Ne Meteorite H,S CO, co CH, 
Guernsey, Ohio 1.80 0.13 0.06 
Pultusk, Poland. 1.06 06 
Parnallee, India .05 
Weston, Conn. 2.83 o8 .o4 
lowa County, lowa 88 
Kold Bokkeveld 23.49 61 .82 
Dhurmsala, India 1.59 03 10 
Pultusk, Poland 2.34 19 27 
Mocs 1.25 07 og 

SO, 
Orgueil 7.40| 2.1 87 
g 48.03 57 4 .8; 
106 Allegan, Mich. tr. 21 19 ol 
107 ~=—« Estacado, Texas tr. 24 25 03 
Average of 12 an- 
alyses 4.00 3.77 24 20 
TABLE IV 
IRON METEORITES 

No Meteorite H,S CoO co CH, 
Lenarto | 0.13 
Augusta Co., Va 
Tazewell Co., Tenn 30 1.31 
Shingle Springs, Cal 13 12 
Cross Tin:bers, Tex. 11 19 
Dickson County, Tex 29 34 
Arva, Hungary 3.92 31.91 
Cranbourne, Austra- 

lia Of 0.16 
Rowton, Shropshire 33 47 
108 Toluca, Mexico tr. 12 1.32 O4 
Average 78 3.80 .02 
\verage omitting 
Arva meteorite 21 67 .02 
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duced 24.42 volumes of gas, owing to the presence of a small quantity 


An 


of iron rust, but whose pure metal evolved only 1.85 volumes. 


average, omitting the Arva, is therefore made. 


Carnegie Publication No. 106, p. 22. 


sua 
H, N. | Total 
— 
| | 
| 
| 7 ; 
-O7 
-33 357-87 = 
ol 84 
-50 oy §.80 
H, N, Total 
2.44 0 2.35 
1.14 3.17 
1.35 3-17 
07 
I.29 
1.57 2.20 
8.57 73 47-13 
1.603 63 3.50 
4.96 62 6.38 
-27 10 «1.85 
2.30 30 7.20 
1.67, 2.83 
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AVERAGES OF THE GROUPS 


TABLE V 
IGNEous Rocks 


No of Rock Analyses CO CO CH, H, rotal 
2 ©.00 4.06 0.19 0.05 3.44 0.13, 7.87 

2 Diabases and basalts....... 14 -19| 3-96) .44) 2.54) 7.36 

3 Gabbros and diorites....... 11 2.31; .13) -07 2.09] 4.73 

4 Granites and gneisses... ... 19 1.47 1.36 Og 3.19 

s Andesites........ 00 «1.86 18 .06 20 2.39 

7 Rhyolites...... 4 00 6.69) 06 

8 Miscellaneous porphyries . . 2 fore) 32.06 33 O4 79 


The general averages bring out the fact that, while rocks of each 
group may vary considerably among themselves, each group as a 
whole fits into a logical place in relation to the other groups. The 
established order appears to be, most gas from those rocks which 
contain the greatest proportion of ferromagnesian minerals. Though 
much influenced by other conditions, such as relative age and nature 
of the igneous mass, the general deduction may be made that the 
volume of gas obtained from rocks varies, in a rough way, in propor- 
tion to the percentage of ferromagnesian minerals present. Dia- 
bases, basalts, and basic schists take first rank in the quantity of 
gas evolved. Next to them appear diorites and gabbros which are 
also near the basic end, but formed under different conditions. 
Andesites are out of their place in this list, as they take precedence over 
granites in the proportion of ferromagnesian minerals, but these ande- 
sites were all either of Tertiary or Recent age, whereas most of the 
granites came from pre-Cambrian formations, and, as the next table 
will show, ancient igneous rocks yield more gas than modern ones. 
The rhyolites, which combine a scarcity of basic minerals with Ter- 
tiary age, foot the list. 

It is to be noted that the rank of a type of rock on the basis of an 
individual gas does not in all cases correspond to its rank for some 
other gas, or in respect to total volumes. The andesites tested gave 
more carbon dioxide than either the granites or the syenites, though 
both of these types greatly surpassed the andesites in the matter 
of hydrogen. But this involves another factor: in deep-seated rocks, 
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hydrogen and carbon dioxide are of about equal importance; in sur- 
face flows, carbon dioxide predominates. Though carbon monoxide 
and methane are somewhat variable, the minor gases generally 
increase or decrease with the total volumes. 


TABLE VI 
Rocks OF SEDIMENTARY ORIGIN 


No. of | Sul 
Order Type of Rock Analy phur CO, co CH, H, N, Total 
ses gases 
I Shales (non-bituminous) 3 ©.00 3.72) 0.45 0.11, 0.97, 0.18 §.43 
2 Metamorphosed sediments 13 37 77 22 O5 1.52 05 3.18 
3 Sandstones and quartzites 12 o2 20 11 o2 17 o8 60 


Among sedimentary rocks, sandstones and quartzites yield less gas 
than shales, while the metamorphic group, comprising both altered 
shales and sandstones, togéther with modified limestones, take an 
intermediate position, though they surpass shales in hydrogen and 
the sulphur gases. 

TABLE VII 
METEORITES 


No.of Sul 
Order [ype of Meteorite Analy phur CO, co CH, H, N, Total 
ses gases 
I Stony 12 4-00 3.77 0.24 0.20 0.50 0.09 8.80 
Without SO, of Orgueil 12 ©O 3.77 2 20 50 6.09 4.80 
2 Iron 10 fore) 78 3.80 02 2.36 30 7.26 
Neglecting Arva 9 ore) 21 67 o2 1.67 24 2.83 


A comparison of the two types of meteorites indicates that carbon 
dioxide is much more important in the gas from stony specimens than 
in that from the metallic bodies, but that iron meteorites yield several 
times as much carbon monoxide and hydrogen as do the stones. 
Sufficient data are not at hand to permit a comparison of the amount 
of marsh-gas from these two types; nitrogen, however, appears to 
come in greater volume from the iron meteorites. 

ANALYSES CLASSIFIED BY THE AGE OF THE ROCKS' 
In addition to those rocks which could be classed either as Archean 


or Proterozoic, there were others which could only be called pre- 


' In this classification of analyses by the age of the rocks, and in the following one 


based on granularity, only my own analyses have been used. 
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Cambrian; they are included under the head of Total pre- 
Cambrian. 

TABLE VIII 

IGNEous Rocks 


No, of 
Order Age of Rocks Analy H,S co, CO CH, H, Ne Total 
ses 

I Archean. . 7 ©.03 7.44) 0.35) 0.07 3.79] 0.21/11.89 

2 Proterozoic. 8 .00, 1.85} 2.08 16) 4.47 
3 Tertiary..... 18 .00 1.20 13, .05 53 
4 Recent lavas 5 .03 41 o7.~=(.O! 06 02 60 
Total pre-Cambrian 28 .02) 2.76) .23 06 2.12 12} 5.31 

Grand total.... 51 2.16, .18) .05 1.36) 3.85 


The rapid and steady decline in the quantity of every gas, in passing 
down the columns from the Archean through the Proterozoic and 
Tertiary to Recent lavas, is very striking. These differences may be 
due to a combination of causes. The older rocks may yield more 
gas than the recent, owing to metasomatic changes which have been 
slowly taking place within the rocks. If this be so, the analyses indi- 
cate that this process is progressing at an exceedingly slow rate. Or 
the early magmas may have been more highly charged with gas, some 
of which has escaped as they were worked over and over and brought 
to the surface in later times. Both of these processes have probably 
been operative. 

TABLE IX 
SEDIMENTARY AND META-SEDIMENTARY ROcKs 


No. of H.S 
Order Age of Rocks Analy SO. CO, co CH, H, N, Total 
ses 
I Proterozoic . . . 17 0.45 0.68 0.17 0.04 1.32 0.05 2.71 
2 Paleozoic .... 10 1.34] .05| .13) 2.28 
3 Mesozoic . .. I .00 carb. 15 $5 o4 8 
Total. . 28 -27| .93; -20' .04; .96; .08 2.48 


Age appears to make less difference in the gas evolved from sedi- 
mentary or meta-sedimentary rocks than it does in the case of igneous 
rocks. All of the Proterozoic specimens were of metamorphic types 
while only one of the Paleozoic sediments had been metamorphosed. 
The Mesozoic representative was a Jurassic shale altered by an intru- 
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sive. The unusual amount of sulphur gas in the Proterozoic list is 
due to two weathered rocks which contained iron sulphate. However, 
even with these omitted, the hydrogen sulphide is abnormally high 
in the rocks of thisage. One of the Paleozoic shales was so calcareous 
as to vield g. 28 volumes of carbon dioxide, which accounts for the large 
quantity of this gas. The two bituminous shales (analyses 41 and 
42) are not included in these averages, since their excessive volume 
of gas from organic sources would so influence the figures as to disguise 


some of the characteristics of the other rocks. 


ANALYSES CLASSIFIED BY THE GRANULARITY OF THE ROCKS 


TABLE X 
IGNEous Rocks 


No. of 
Orde Granularity Analy H.S Co, CO CH, H, rotal 
ses 

I Fine-grained 22 ©.02 2.78 0.31 0.06 1.08 0.12 4.94 
2 Medium-grained 18 Ol 2.37 17 O5 1.4 10 4.11 
3 Coarse-grained 11 ol 30.10 1.20 o8 1.83 

} Various porphyries (mostly 
Tertiary) 5 fore) 41.07 22. 79 


From this table it would appear that the fine-grained rocks give off 
more gas than those of coarser granularity. One of the reasons for 
this difference probably lies in the fact that metasomatic changes are 
favored in fine-grained rocks, whose crystals, being smaller, afford 
more numerous junction-planes between the crystals, through which 
solutions more readily traverse the rock than in the coarse-grained 
varieties. Among other changes, hydration and carbonation should 
alter fine-grained rocks more effectively than coarse-grained ones. 

Fineness of grain in igneous rocks usually means that the lava 
cooled rapidly, and this would hinder the escape of the inclosed gas. 
But in the process of slow crystallization, such as produces large 
crystals and coarse texture, much more of the gas would be likely 
to be crowded out of the growing crystals. However, as a general 
rule, fine-grained igneous rocks are surface flows, while coarse-tex- 
ture types were formed at some depth below the surface, and hence 
a larger proportion of whatever gas was expelled from the rapidly 
cooling lavas would be more likely to escape altogether than would 
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be the case with the gas which was excluded from growing crystals in 
deeper horizons, as in bathylithic intrusions, where final escape was 
difficult. In this problem of granularity, as in the matter of age, 
the quantities of gas evolved are probably determined by a combination 
of complex factors rather than by any single cause. 
RESULTS AT DIFFERENT TEMPERATURES 

The different gases are not all expelled from rock material at the 
same temperature, nor are they evolved at the same rate. In general, 
hydrogen sulphide and carbon dioxide are not only the first gases to 
appear, but they are more rapidly given off than the others. Carbon 
monoxide follows the dioxide as the temperature is raised, and gen- 
erally increases in relative importance, as the latter begins to subside, 
toward the end of the combustion. Hydrogen and marsh-gas are 
most conspicuous at high temperatures, and hence attain higher 
percentages in the last half of the gas than in the first half. Nitrogen 
appears to be disengaged with much difficulty, requiring considerable 
time at a high temperature. 

ABSORPTION 

Experiments to test the power of gas-absorption by rock material 
indicated that while a rock powder may take up certain gases while 
cooling from a high temperature under special conditions, absorption, 
if it goes on at all at ordinary temperatures, takes place very slowly. 
However, when rock powders which have apparently been deprived 
of all their gas were reheated after a sufficient interval of time, there 
was usually a second evolution of gas. An analysis of the gas from 
a drill core of Keweenawan diabase from Houghton, Mich., which 
was kindly furnished by Dr. A. C. Lane, showed 3.88 volumes of gas 
per volume of rock.'. After the gas was extracted, the apparently 
exhausted powder was stored away in a paper bag. Six months later, 
when reheated, this material yielded 1.92 volumes of gas. From this 
and other similar experiments it was found that an interval of time 
partially restores the gas-producing properties of rock powders. For 
this phenomenon there are two possible explanations. Either, the 
first heating does not expel all the gas contained in the rock, which, 
by some sort of diffusion or molecular rearrangement, gradually pre- 


' Analysis No. 85. 


4 


548 R. T. CHAMBERLIN 


pares itself to come off when again heated; or else the rock powder 
absorbs gases from the atmosphere. To exclude atmospheric absorp- 
tion this Keweenawan diabase powder, which originally gave 3.88 
volumes, and after six months 1.92 volumes, was heated a third time 
(a week later) with the evolution of very little gas. This powder, 
after cooling in the vacuum, was taken out of the combustion tube 
and immediately placed in a flask filled with freshly distilled water. 
A stopper being fitted into the flask, it was allowed to stand for three 
days. At the end of this time, the water was poured off, the powder 
quickly, but thoroughly, dried, and put into the combustion tube. 
When heated, this powder gave off .79 volumes of gas, of which car- 
bon dioxide constituted 67 per cent. This carbon dioxide could not 
have come from the air, but must have existed within the rock material 
and must have withstood three successive heatings in the combustion 
tube. This experiment favors the conclusion that the gas which 
is obtained from a rock powder by a second or third heating after a 
period of time, is due, not so much to a process of selective absorption 
from the atmosphere, as to changes which have been slowly taking 
place within the powder itself. 
STATES IN WHICH THE GASES EXIST IN ROCKS 

In order to explain the immediate source of the gases obtained by 
heating rock material in vacuo, three different hypotheses naturally 
present themselves. The simplest of these is to suppose the gases 
to exist in minute cavities or pores, having been entrapped within the 
rock during the process of solidification. This supposition is sug- 
gested and supported by the observation that microscopic slides of 
some minerals, notably quartz and topaz, reveal numerous small 
gas-bubbles. But while there is evidence that some gas is thus held 
in cavities, there is equally strong evidence to show that the greater 
part of it cannot be attributed to this source. 

To escape the difficulties encountered by the first hypothesis, 
appeal is made to the imperfectly understood property of some of the 
elements to “occlude,” or dissolve within their mass, certain gases. 
It is remembered that under the proper conditions palladium will 
occlude goo times its own volume of hydrogen, and that the same gas 
is also absorbed, in lesser degree, by other metals, particularly plati- 


nate 
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num and iron, while silver has a similar affinity for oxygen. This 
principle applied to igneous rocks as a hypothetical source of their 
gases becomes at once a more difficult proposition to prove or disprove. 

The third hypothesis, more conservative than either of the others, 
assumes that these gases do not exist in the rocks in the uncombined, 
or gaseous state, but are produced in the combustion-tube by chemical 
reactions at high temperature. 


GAS IN CAVITIES 

The studies of Brewster, Davy, Sorby, Hartley, and others, have 
established the presence of gas, generally carbon dioxide, though 
sometimes nitrogen, in the minute cavities of certain crystals. But 
while microscopic investigations have indicated that carbon dioxide 
constitutes more than go per cent. of the gaseous matter inclosed in 
these cavities, and hydrogen is found in traces only, the latter gas is 
the most important constituent of the mixture derived from rocks by 
heat. In addition to this, the observation that those rocks which are 
not known to contain many gas cavities produced several times as 
much gas as the cavernous quartzes, also suggested that the bulk of 
the gas, at least, could not be attributed to inclosure in cavities. 
Moreover, basic rocks were found to be more productive than acidic, 
whereas it had generally been supposed that the latter, owing to their 
greater viscosity, should entrap more gas and vapor than the more 
fluid basic lavas. 

The suspicion that the gas did not come from cavities in any large 
degree was strengthened by the observation that the composition of 
the gas varied according to the temperature to which the rock powder 
was heated. If from cavities, the liberation of the gas should com- 
mence with a slight rise of temperature, and should continue more or 
less steadily, as the heat increased, until the expansive force of the 
gas had burst open most of the pores. Since all gases expand equally, 
one should burst its confines as soon as another, and a sample of gas 
obtained at any given temperature should not differ very widely in 
composition from that evolved at any other. 

These and other considerations led me to try a series of experiments 
which should show how much gas actually could be obtained from 
the opening of cavities alone. For this purpose a crusher was devised, 
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which was capable of pulverizing a rock specimen in a complete 
vacuum. Any gas liberated could then be pumped off and analyzed. 
Two specimens of basalt, one from the Faroé Islands and the other 
from Hawaii, gave little or no gas. Vein quartz from Iron County, 
Utah, gave no trace of gas. Being desirous of finding some specimen 
which would yield gas when crushed in this manner, I procured some 
crystals of cavernous quartz from Porretta, Italy, in which several 
of the cavities exceeded a millimeter in diameter. These, when 
crushed, yielded carbon dioxide amounting to only .03 of the volume 
of the quartz. An analysis showed also a little methane and some 
nitrogen, but the amount of gas available was too small for the determi- 
nation to be of any value. The result of this last test agrees with the 
microscopic studies of the early investigators. Carbon dioxide exists 
in the cavities of quartz, but its volume, compared with the volume 


of inclosing mineral, is small. 


GASES DUE TO CHEMICAL REACTIONS 

We may note very briefly the possible sources of gas from high- 
temperature reactions between the non-gaseous constituents of the 
rocks. 

Hydrogen may be produced at temperatures above 500° through 
the decomposition of steam by a ferrous compound. 

Carbon dioxide is liberated when an ordinary carbonate is heated 
sufficiently, and hence if the rock specimen be slightly carbonated, 
gas will be derived from this source and will embarrass the determina- 
tion of the free gas. 

Carbon monoxide is formed from carbon dioxide when that gas 
is heated in the presence of iron in the ferrous condition, and also 
to a lesser degree when heated with free hydrogen. 

Possible sources for methane are carbides, the decomposition of 
organic matter, and the reaction between carbon monoxide and free 
hydrogen which gives marsh-gas and water. 

Nitrogen and the sulphur gases may be attributed in part to nitrides, 
sulphides, and basic sulphates. 

Many of these chemical reactions actually took place in the com- 
bustion tube during the process of extracting the gas from the rock 
material, and in some cases the larger part of the gas doubtless was 
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produced in this way from the non-gaseous constituents of the rocks. 
But these reactions were, in some instances at least, quantitatively 
inadequate to produce all the gas obtained. Quantitative experiments 
upon quartz and beryl indicated a considerable excess of hydrogen 
over what could possibly be produced from reactions involving the 
entire weight of iron salts in these minerals. Particularly striking was 
the case of a beryl from New England which expelled 150 times as 
much hydrogen as could be assigned to the interaction of steam and 
ferrous oxide under the most generous assumptions, and 37 times the 
maximum quantity possible from the total weight of iron in the mate- 
rial if it all occurred either as pyrite or in the metallic state. 


OCCLUDED GASES 

Such gas as was not held mechanically entrapped within cavities, 
nor originated from chemical reactions within the combustion tube, 
is assigned to that imperfectly understood phenomenon to which 
Graham gave the name occlusion. Because the possibilities of obtain- 
ing gas from hydration and carbonation are much reduced in the case 
of freshly fallen meteorites, these bodies in some respects furnish the 
best conditions for studying the truly occluded gases. To obtain 
fresh material which had not been subject to hydration and carbona- 
tion, a fragment from the Allegan meteorite was obtained from the 
National Museum. This stone, which was gathered up still hot, 
within five minutes of its fall, and has not been subjected to outdoor 
exposure, yielded somewhat more than half of its own volume of 
gas. Material from the interior of other meteorites yielded even 
more gas. 

In the case of rocks, the amount of occluded gases may be actually 
greater than that indicated by demonstrating the inadequacy of the 
other modes of holding gas to account for the total quantity extracted 
in the laboratory. But a determination of the exact proportion of 
occluded gas in these cases would be difficult. In general, argon and 
helium, which do not enter into chemical combination, together with 
at least as much of the other gases as can be shown not to have been 
produced by chemical reactions, or the bursting of inclosing walls, are 
to be attributed to occlusion, or to some form of diffusion not distin- 


guishable from occlusion. 
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SIGNIFICANCE OF THE THREEFOLD STATE 

While chemical reactions and the phenomena of occlusion imply 
that gas exists in the interior of the earth, the presence of gas inclosed 
in cavities, under great pressure, adds the further implication that 
the gas often exceeded the point of saturation of the magma, at least 
at the stage of solidification. Cavity gases are most abundant in 
minerals of poorly developed cleavage, pointing perhaps toward a 
strong tendency to escape along cleavage planes during, or after, 
crystallization. While most commonly observed in non-cleavable 
quartz, the gas inclusions in that mineral may owe their abundance 
to the fact that quartz is generally the last mineral to crystallize out 
of a magma, and hence such absorbed gases as did not enter into the 
other crystals would become concentrated in the siliceous residue, 
and might supersaturate it. It is probably this freely moving gas 
above the point of saturation which contributes most to the mobility 
of lavas. Dissolved gases and vapors, while favoring fluidity, would 
seem to be relatively less effective. “However, gases mechanically 
entrapped in crystalline rocks are quantitatively not very prominent, 
suggesting that perhaps the theory of liquidity due to gas is overworked. 
But, on the other hand, it is true that as a lava cooled down to the 
point where the last mineral crystallized, its gas-solvent powers would 
be increasing, allowing some of the gas to pass into solution. At the 
same time, free gas would be occluded by the growing crystals. 
Experiments upon the re-absorption of gas by exhausted rock powder 
indicate that a portion of the gas unites chemically as the heat dimin- 
ishes. Because of these processes, liquid lavas may be supplied with 
free gas, though the solidified rocks retain but little gas in this condition. 


WATER AND HYDROGEN 

The reversible reactions involving hydrogen, water, and iron 
compounds, which cause uncertainties in the extraction of gases by 
heat, are also operative within the earth. In the laboratory, when 
either ferrous salts and water, or ferric compounds and hydrogen, 
are heated in tubes without the removal of the products, reversible 
reactions set in until a condition of equilibrium is established. Hydro- 
gen and water, ferrous and ferric salts, are all present in a state of 
balance. In the interior of the earth, the heated, though solid rocks 
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should, it would seem, behave similarly, though hindered by the slow- 
ness of diffusion. Nor should liquid magmas constitute any exception 
to the law. Both hydrogen and water gas, theoretically, should be 
present in liquid magmas and heated solid rocks. 

For reasons which cannot be discussed here, chemical equilibrium 
favors the formation of ferrous salts and water, as the temperature 
increases. Because of this, there is much reason to suppose that, 
at the depths where lavas originate, hydrogen and oxygen exist com- 
bined as water, since up to temperatures of 2,000° C. the dissociation 
of water takes place only to a limited extent. Ifa state of equilibrium 
between hydrogen, water, and the iron compounds were established 
in the heated interior where a magma originated, as soon as it com- 
menced its way upward and began to lose heat, the condition of equi- 
librium would be destroyed. With the falling temperature, the tend- 
ency to re-establish equilibrium would favor the formation of that 
system which was produced with the liberation of heat, i. e., magnetic 
oxide and free hydrogen. In ascending lavas, which are losing heat, 
the tendency, therefore, is to produce hydrogen and magnetite, or 
ferroso-ferric compounds. This is doubtless an important source for 
the hydrogen which is so copiously exhaled during a volcanic eruption. 
At the same time this process accounts for the widespread occurrence 
of magnetite in igneous rocks. 

In general, these reversible reactions tend to show that it is but a 
short step from hydrogen to water, and from carbon dioxide to monox- 
ide, and vice versa, and that all of these must occur within the earth 
owing to the process tending toward equilibrium. Whether hydrogen, 
in a particular case, occurs in the magmas in the free state, or in the 
form of water gas, therefore becomes relatively unimportant. Because 
of this variation of state, the problem becomes more complex and 
broader in scope. For the most part, these water gases are to 
be regarded as truly magmatic, and not derived from surface waters 
penetrating to the liquid lavas. But this is a complex question and 
cannot be touched here. These water gases are here put forward 
as essential factors in the evolution of the magmas from the original 
planetary matter. 

The reactions working toward equilibrium are able to supply 
hydrogen and carbon monoxide under conditions favorable to their 
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absorption and retention, even if they were not originally present as 
occluded gases. The sources of the gases obtained from rocks are 
so complex that it is difficult to determine how much is to be assigned 
to each. Because of the penetration of surface waters containing 
carbonic acid in solution, throughout the accessible rocks of the earth’s 
exterior, it is likely that, in many cases, the bulk of the gas obtained 
by heating powders in vacuo has been derived from acquired water 
and carbonated compounds. But in fresh meteorites, which pre- 
sumably have not been subjected to action of this sort, occlusion is 
relatively more important. 

From the constitution of meteorites, some of the principles of 
early terrestrial evolution may, perhaps, be inferred, though the 
growth of the earth was probably not quite analogous, in all respects, 
to the formation of the meteorites. Whether we take the met@oritic 
material to represent the heavier part of the original matter of the solar 
system, or the stellar system, as a whole, matters little in the geologic 
problem. If, in truth, the unoxidized, heterogeneously aggregated 
material of meteorites be typical of the original heavy material of 
the earth, it becomes evident that, in the case of our planet, other 
factors have been at work which are not operative in the bodies of 
which the meteorites are supposed to be fragments. These visitors 
from space are characterized by such minerals as cohenite, (Fe, Ni, 
Co),.C, lawrencite, FeCl,, oldhamite, CaS,, and schreibersite, (Fe, 
Ni, Co), P, which, next to nickel-iron, is the most widely distributed 
constituent of iron meteorites,’ though of less importance in the stony 
specimens. Such compounds imply an absence of both free oxygen 
and water in notable quantities. Of like import is the absence of 
hydrated minerals, such as micas and amphiboles. Water and an 
oxygenated atmosphere appear to be the agents which are lacking 
in the bodies from which the meteorites were derived, but which have 
been the operative factors in working over the outer portion of the 
earth. 

But the original source of the earth’s atmosphere and hydrosphere 
is taken to be gas occluded, or absorbed, in the primitive meteoritic 
material. These original gases, escaping, furnished both atmosphere 
and hydrosphere when the earth became of sufficient size to retain 


' Farrington, Jour. of Geol., Vol. IX, pp. 403-7, 525, 526. 
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them. A self-regulating system was inaugurated. In the early 
stages of the hydrosphere, when growth by infalling planetesimals 
was rapid, much water was buried within the fragmental crust. This 
material, worked over by volcanic activity, brought to the surface 
and subjected to weathering and erosion, and buried beneath more 
material, has undergone assortment and alteration until the accessible 
rocks at the present time are very different from the meteoritic matter. 
Since the earth attained its growth and the infall of planetesimals 
slackened, much less water has penetrated to great depths below the 
surface. Post-Archean sedimentaries have not yet reached thicknesses 
sufficient to carry inclosed water down to the depths from which the 
lavas arise. Deep mines indicate that fractures and fissures do not 
convey water down to very great depths at the present time. If water 
does not penetrate so rapidly now, and hydration and carbonation 
are less effective, it is also probably true that subsiding vulcanism 
brings less gas to the surface. 

It is essentially a system of balance. At the same time that water 
is being buried with sediment, its elements, hydrogen and oxygen, the 
latter in the form of the oxides of carbon, are exhaled from the earth’s 
interior through volcanic outlets. But the system here suggested is 
very different from the postulated limited cycle of underground water 
which, following Daubrée’s famous experiment,' has crept into geo- 
logic literature as the origin of volcanic vapors and the modus operandi 
of vulcanism. Instead of surface waters following cracks and fissures 
down to the hot lavas there to be absorbed, the water already is present, 
and is a part of the rocks and magmas in the interior, whether actually 
combined as water, or as its elements held in solution, or chemically 
united in other compounds. These gaseous elements form an integral 
part in the magmas, having been vital factors in their development 
from the primitive planetary matter. That this process of reworking 
has gone on to considerable depths, if we are to start with typical 
material, is evidenced by the fact that the deep-seated plutonic rocks 
are characterized by micas and other hydrous minerals, while mineral 
species of the meteoritic type are absent.? 

' Daubrée, Etudes synthétiques de géologie expérimentale, Tome 1, pp. 236-46. 

2 This statement should perhaps be qualified. The basalt at Ovifak, Greenland, 
contains iron strongly resembling the meteoric meta!, in which the minerals cohenite, 
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The more restrictive phase of the problem of water will be discussed 

under the head of vulcanism. 
VULCANISM 

In the actual dynamics of vulcanism, provided the gases are original 
in the magmas, the state in which they occur is not of vital importance, 
except in so far as it determines the conditions under which the gases 
become free, from occluded or chemical bonds, to perform their part 
in the mobility of lavas, in the explosions which sometimes accompany 
eruptions, and in the phenomena of fumaroles and volcanic vents. 
The distinction between cavity, occluded, and chemically united gas, 
which is made in the case of solid igneous rocks, cannot be extended to 
the liquid lavas. In the liquid lava the gas may be supposed to be 
imprisoned mechanically, or else to form a part of the magmatic solu- 
tion. On the solidification of the mass, the gas, formerly existing 
in the free state, may enter chemical combinations at the lower tem- 
perature, may be occluded by the solid rock, or may become entrapped 
within the minerals last to crystallize. So, too, it is possible that 
some of the gas dissolved in the magma may, because of cooling and 
crystallization of adjacent portions of the solution, reach a super- 
saturated condition and appear in the solid rock also as gas inclusions. 
Otherwise, it would pass into the solid rock occluded or chemically 
combined. The condition of the gases examined in the laboratory 
need not, necessarily, correspond to a particular state of occurrence in 
the lava before crystallization. 

Gases mechanically distributed throughout the lava would always 
be an operative factor in vulcanism, while such gases as were chem- 
ically combined in the solution would, presumably, only become free, 
and hence fully operative, upon the lowering of the temperature and 
the relief of pressure,’ and probably but partially then. Since vapors 
and gases in the free state are the cause of volcanic explosions, they 
can be traced as far down in the conduits as explosions occur. From 
the nature of these explosions, which appear to be due to the accumu- 
lawrencite, and doubtfully schreibersite have been recognized. The occurrence of this 
terrestrial! iron would indicate that materia! of this sort still occurs at points within the 
outer part of the earth. 


\ falling temperature favors the liberation of hydrogen from water by ferrous 


compounds (see p. 553), while carbonates are most easily decomposed at low pressures 
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lation of vapor gradually working upward until suddenly able to 
relieve itself, it is fair to suppose that aqueous vapor and the auxiliary 
gases are present in the free state at still greater depths. 

It has been the observation of those who have studied volcanic 
eruptions that water vapor is by far the most abundant of the gaseous 
products of volcanoes. Water is also the principal compound of 
the element hydrogen, which is quantitatively the most important 
gas obtained by heating igneous rocks im vacuo. According to one 
of the common theories of vulcanism, it is water, circulating under- 
ground and necessarily dissolving and absorbing mineral and gaseous 
material, which penetrates to the lavas and gives to them their supply 
of vapor and gases. Water, then, is a critical element in the theories 
of vulcanism, and likely to be a decisive factor upon the basis of 
which many of these theories may stand or fall. It is, therefore, of 
great importance to know whether the aqueous vapor, which is so 
copiously exhaled from volcanic vents and plays such a réle in vul- 
canism, is derived originally from the magmas, or is merely under- 
ground water which has been incorporated by the lava in its journey 
upward. <A decision of this question will carry with it the solution 
of the allied question concerning the ultimate source of the other 
gases, and also throw much light upon some of the more comprehen- 
sive theories of vulcanism. 

Appealing to the fact that chlorine, in the form of hydrochloric 
acid and volatiiized chlorides, is one of the products of volcanoes, one 
of the standard hypotheses attributes the cause of vulcanism to the 
penetration of sea water to the heated interior. If this were so, isolated 
volcanoes far out at sea would be expected to yield much more chlorine 
than those on the continents. But the Hawaiian volcanoes exhale 
comparatively little chlorine or sublimed chlorides. It has been 
claimed that rain water, sinking into the cone, would have sufficient 
head to exclude the sea water from the neighborhood of the hot lava. 
Rain, however, falls upon but a small part of the whole cone, whose 
greater portion is under the sea. It would seem that if rain water, 
falling upon a cone built up from the ocean bottom, is able, by means 
of its head, to keep out the sea water which covers the lower slopes, 
the same amount of water precipitated upon a continental volcano 
would be even more efficient in preventing the general underground 
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water from coming in contact with the lava in the conduit. What- 
ever may be the reason for the small amount of chlorine given off 
by the volcanoes of Hawaii, sea water does not reach the heated lavas 
in sufficient quantities to affect them appreciably. 

On account of the pressure exceeding the crushing strength of the 
rock, pores and crevices cannot exist at depths greater than 30,000 
feet according to the most generous estimate,' and it is probable that 
continuous cracks cease much short of this. Beyond this extreme 
figure, meteoric waters cannot be regarded as of any quantitative 
importance, on account of the extreme slowness of diffusion through 
solid bodies not containing minute fractures. Liquid carbon dioxide, 
still existing under great pressure in sand grains of pre-Cambrian 
age, is a concrete example of this slowness. While, theoretically, 
water may extend downward to the limit of the zone of fracture, the 
testimony of deep mining appears to show that meteoric waters 
grow relatively scant, as a rule, below the uppermost 1,500 to 1,800 
feet of the earth’s crust.? This shallowness of meteoric water 
increases the difficulties encountered by the hypothesis that the lava 
beds are supplied from this source, since they rise from far greater 
depths and only the upper portions of their conduits would be exposed 
to these waters. It is in this portion of the zone of fracture that 
Daubrée’s much-quoted experiment upon the Strasbourg sandstone 
finds its application, if anywhere, since numerous capillary pores with 
plenty of water are requisites for the operation of this principle. This 
famous experiment demonstrated that, owing to its force of capillarity, 
boiling water will pass through a disk of sandstone, 2 centimeters 
in thickness, against a slight steam-pressure on the other side. But 
it was only necessary for the steam-pressure to reach 685 millimeters, 
or nine-tenths of an atmosphere, in order to prevent any more water 
from passing through the sandstone. It is a long jump from this 
trivial capillary force, equal to less than one atmosphere of steam 
pressure, to the great pressures which would have to be overcome 
in the depths of the earth’s crust in order to reach the hot lavas, even 


' Hoskins, 16th Ann. Rept., U.S. Geol. Surv., p. 853. 
2 Kemp, Economic Geol., Vol. Il (1907), p. 3; Finch, Proc. Col. Sci. Soc., Vol. VII 
(1904), pp. 193-252. 


s Daubrée, Etudes synthétiques, Tome 1, pp. 236-46. 
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though it be allowed that the water vapor, if it came in contact with 
the lava, would be absorbed. Capillary force seems quantitatively 
inadequate. 

To reach the critical pressure of water due to the hydrostatic col- 
umn, it is necessary to penetrate the earth to a depth of about 6,goo 
feet. At depths less than this, water passing into the vaporous condi- 
tion, in the neighborhood of hot volcanic conduits, at temperatures 
below the critical point, should leave behind more or less of the matter 
held by it in solution, since the condensation, and hence molecular 
attraction of the vapor for solutes, is less than that of the water. Thus 
even if vapor from underground waters should enter the lavas, as 
Daubrée has suggested, in the outer 6,900 feet of the earth’s crust, 
much of the chlorides, sulphates, carbonates, and silicates, dissolved 
in the water, would have been left behind. At depths between 6,g00 
feet and 25,000 feet, beyond which water cannot penetrate, owing 
to the closure of all pores by the pressure of superincumbent rock, 
mineral matter dissolved in the water would probably still remain 
in solution when the liquid passed into the gaseous state at the critical 
temperature, since the density of the gas is equal to, or greater than, 
that of the liquid. 

The lava, being under considerable pressure, may be supposed 
to occupy all the cracks and crevices in the adjacent rocks, except 
those of capillary dimensions. If, therefore, in the passage of under- 
ground water into vapor, preparatory to entering lavas in the outer 
6,900 feet of the earth’s crust, much of the dissolved mineral matter 
be deposited in the minute pores leading to the lava, they should 
quickly become sealed, preventing any further access, even of water, 
tothe lava. To test this principle experimentally, a cylinder of medium- 
grained Potsdam sandstone from Wisconsin, 40 millimeters in 
diameter and 28 millimeters in thickness, was soldered into a short 
piece of iron piping, fitted at one end with an elbow to serve as a 
receptacle for water, and at the other with a cork and a condenser. 
When ready, the receptacle was filled with Lake Michigan water 
and a Bunsen burner was placed so as to heat the sandstone cylinder 
within the iron tube. One side of the sandstone was thus kept at a 
temperature slightly above 100°, while the other face, in contact with 
the water, remained just at the boiling-point. Water was found to 
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penetrate the porous cylinder readily, evaporating and leaving its 
dissolved material within the mass of the sandstone, and escaping 
as steam on the farther side. The rate at which the water passed 
through the sandstone at the outset was not determined, but after 
5 liters of lake water had been used, it was found that 129 cubic centi- 
meters traversed the rock and were condensed in one hour. The 
rate slowly fell as the experiment progressed. While the thirteenth 
liter was being used, only 73 cubic centimeters passed through the 
sandstone per hour. It was evident that the pores were becoming 
clogged, but to complete the experiment with Lake Michigan water, 
which contains only 150 parts of solid matter per million, would have 
required too much time. To hasten the process, a saturated solution 
of calcium sulphate was substituted. This soon caused a marked 
slackening of the passage of water through the rock, and doubtless 
would have sealed the pores completely, if allowed sufficient time. 

From this experiment, it appears certain that water, evaporating 
in the pore spaces of a rock and escaping as steam, will leave behind 
whatever material is in solution, until the crevices become clogged 
and the penetration of water ceases. This principle may be applied 
to the outer 6,900 feet of the earth’s crust; in the superficial portion 
of this zone it should be very effective, since the conditions more nearly 
approach those of the experiment; in the lower portion of this belt, 
as 6,goo feet and the critical pressure (as well as temperature in the 
neighborhood of hot volcanic pipes) is approached, the density, and 
hence the solvent powers, of the water vapor approach those of the 
liquid. Toward the critical point of water, therefore, the applica- 
tion of this principle becomes more uncertain, but it would seem 
to be operative also at these depths, though more and more slowly 
as the critical point is neared. 

It might be objected that the passage of water into vapor, involving 
the latent heat of steam, would keep the adjacent rocks cool and 
cause the deposition to take place at the very contact where the hot 
lava could fuse, and dissolve, the precipitated salts. But it is very 


doubtful whether the vaporization of such a small quantity of water, 
taking place with the slowness imposed upon it by the minuteness of 
the capillary pores, would keep the contact rocks at a temperature 


below 365°. The gap between 365° and 1,100° is too great for there 
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not to be a space, if of a few inches only, at an intermediate temperature. 
It is also to be remembered that the latent heat of steam diminishes 
with the pressure until, at the critical point, it becomes zero. The 
testimony of the country rocks through which a volcanic conduit has 
passed is that metamorphism has usually progressed to some distance 
from the contact of igneous intrusion. In a long-established volcano, 
where the rocks surrounding the conduit have been heated to high 
temperatures, the deposition of the solutes from any penetrating water 
should have sealed the capillary tubes and fissures at a distance from 
the lava such that the latter cannot absorb them and keep the water- 
way open. Kemp has stated in a recent paper‘ that at the contacts 
with eruptives, limestone rocks, instead of being porous, are prevailingly 
dense and compact, and often very hard to drill, as if due to deposition 
within their interstices. However, the author assigned this supposed 
deposition to magmatic waters from the intrusion. This brings up a 
widely established view that magmas, instead of absorbing water from 
the intruded rocks, give it off, depositing matter in solution to form 
veins in the zone of fracture. 
To quote Van Hise: 


In the belt of cementation, in consequence of the porosity of that zone, the 
material of the magma, both by direct injection and by transmission through water, 
may profoundly affect the average chemical composition of the intruded rock for 
great distances from the intrusive mass. 


Geikie cites a case in Bohemia, where certain Senonian marls, 
invaded by a mass of Tertiary dolerite, begin to get darker in color 
and harder in texture at a distance of 800 meters from the contact, 
while, as the intrusive mass is approached, the interstratified beds of 
sandstone have been indurated to the compactness of quartzite.s 

But considering only meteoric waters at depths greater than 6,g00 
feet, where water remains liquid up to the critical temperature, it is 
less probable that the pore spaces will be filled up in this manner. 
Nor does it seem likely that Daubrée’s theory that water may pene- 
trate rocks against a steam-pressure can operate at these depths, 

Kemp, Economic Geol., Vol. U, p. 11. 


2 Van Hise, Monograph 47, U. S. Geol. Surv., p. 714. 


3’ Hibsch, cited by Geikie, Textbook of Geology, Vol. II, p. 774. 
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since that principle is dependent upon a marked difference between the 
capillarity of water and of steam, while at the critical point, the density 
of water-gas being the same as that of water, this force should be 
absent. The problem then becomes a question of equilibrium 
between the hydrostatic column of water and that of the lava, in which 
the pressure of the lava at a depth of 7,000 feet should be in the neigh- 
borhood of 2.7 times that of the water, though this preponderance 
steadily diminishes as the water-gas becomes condensed, with increas- 
ing depth, at a rate higher than lava. Whether under these conditions 
lava can absorb water-gas, is an open question. 

Water can only penetrate from 25,000 to 30,000 feet below the 
surface on account of the closure of all crevices by pressure. But on 
the assumption that the temperature gradient in the outer part of the 
earth’s crust is 1° C. for each too feet of descent (which is probably 
too high) the critical temperature will not be reached, except in the 
neighborhood of volcanic intrusions, until at a depth of about 36,000 
feet. Hence, over the greater part of the earth, water will remain in the 
liquid state as far down as fractures and fissures will allow it to seep, and 
no appeal can be made to the more rapid and potent gaseous diffusion 
to carry it beyond 30,000 feet. But because of their heat, lavas must 
originate at much greater depths below the surface, and hence far 
beyond the reach of surface waters, which can only come in contact 
with them, and only doubtfully then, in a very limited portion of the 
throat of the volcano. 

These considerations seem to indicate that, for the most part, the 
volcanic gases and vapors have not been supplied to the lavas by 
ground waters, but are original constituents of the magmas. Doubt- 
less at the beginning of an eruption, following a period of quiescence, 
much of the steam merely comes from such rain water as may have 
accumulated in the crater and upper part of the cone, but this does 
not account for the gaseous emanations from the lava itself, nor from 
those volcanoes, such as Stromboli, and the well-known Solfatara near 
Naples, which maintain a mild form of eruption for long periods. 
Such meteoric water could contribute to the volcanic gases little except 
some dissolved air, together with a trace of carbon dioxide, and 
perhaps hydrogen from chemical action. Such soluble salts as this 
water might dissolve from the crater walls were brought up from the 
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interior in the first place (making some allowance, however, for 
weathering), and so have little bearing on the case. 

The hypothesis that the gases and vapors are originally from the 
magmas is greatly strengthened by the volcanic activity in the moon, 
if, as is rather generally believed, the great pits on the surface of the 
moon are craters produced by volcanic explosions; if not, of course 
the argument does not hold. The gases and vapors which caused 
the tremendous outbursts cannot be ascribed to the penetration of 
surface waters and gases, for the moon has neither appreciable atmos- 
phere nor hydrosphere, and, according to Stoney’s doctrine, never 
could have held either, owing to its feeble gravitative control. Such 
gases as are implied by these explosions must be supposed to have 
arisen from within the interior of the moon. The extent of this explo- 
sive lunar vulcanism, in the absence of any appreciable atmosphere 
or hydrosphere, furnishes a strong argument against the belief that 
surface waters and atmospheric gases are essential factors in terrestrial 
vulcanism. 

Thus far evidence of a negative nature has been brought forward 
to show the difficulties in the way of thinking that surface waters play 
a prominent role in volcanic phenomena. But more positive evidence 
can be presented to support the view that the hydrogen and water in 
the deep-seated rocks are truly magmatic. Micas are prominent 
constituents of the plutonic rocks. The immense granitic bathyliths, 
which were probably formed beyond the reach of ground waters, are 
characterized by this group of minerals. In fact, micas are more 
abundant in the deep-seated rocks than in the surface lavas of similar 
composition. Yet all micas contain hydrogen (or hydroxyl) and 
vield water upon ignition. This varies with the mineral species and 
locality, ranging up to 4 or 5 percent. If these micas in the massive 
intrusions are primary minerals, as they seem to be, and were out 
of the reach of ground waters until long after they were crystallized, 
there appears no other alternative than to consider this hydrogen as 
inherent in the magma itself. The general petrological principle that 
plutonic rocks are micaceous and hornblendic, while their more super- 
ficial equivalents are more frequently characterized by pyroxenes 
which are less hydrous, may point toward the suggestion that the 
magmas originally contain considerable water or the elements which 
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can produce it, but as they approach the surface much of the hydrogen 
and water vapor escapes and pyroxene minerals crystallize instead 
of these hydrous micas. 

\ll of these facts and deductions lead to the general conclusion 
that our surface waters have been derived from the interior of the 
earth, and oppose the idea that to explain the presence of hydrogen, 
or water, in magmas and rocks, we have merely to appeal to the pene- 
tration of surface waters. The meteoric waters are limited to their 
superficial place and function, both in the evolution of magmas and 
in vuleanism; an ultimate source is found for these waters; and a 
steady supply of water and gases is furnished to the earth to offset the 
loss of vapor into space, and thus contributes to the globe one of the 
factors necessary to a long period of habitability for living organisms. 

VOLCANIC GASES 

The gases which escape from fumarolic vents are in many respects 
similar to those obtained by heating igneous rocks in vacuo, but with 
the addition of oxygen and vapors of chlorides, fluorides, boric acid, 
and other high-temperature volatilizations. Though nitrogen is much 
more conspicuous in the analyses of volcanic gases than in those 
from rocks, this is doubtless due, in the main, to a mixture with atmos- 
pheric air. However, the greater heat of the volcano would also 
favor a higher proportion of nitrogen, as shown by my experiment. 
Much of the oxygen also is probably from the air. But an analysis 
of gas escaping from a stream of lava flowing on the sea bottom at 
Santorin gave Fouqué: oxygen, 21.11 per cent.; nitrogen, 21.90 
per cent.; and hydrogen, 56.70 per cent.'. This would suggest that 
the dissociation of water also contributes free oxygen. 

Fouqué’s studies at Santorin confirm the law of variation in com- 
position of volcanic gases, first established by Sainte-Claire Deville,’ 
namely, that the nature of the gas evolved depends upon the phase of 
volcanic activity. Hydrochloric acid, with free chlorine and fluorine, 
is given off only from the hottest fumaroles where the heat is sufficient 
to liberate these gases from chlorides and fluorides. At less active 
vents, sulphur dioxide is the most noticeable of the corrosive gases, 
while the cooler fumaroles exhale chiefly hydrogen sulphide, carbon 


' Fouqué, Santorin et ses érupltions, p. 230. 
2 Sainte-Claire Deville, Ann. de chim. et phys., 52 (1858), p. 60. 
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dioxide, and nitrogen. Carbon dioxide and nitrogen escape from all 
the fumaroles. Fouqué found that the relative importance of hydro- 
gen increased with rise of temperature, and that his marsh-gas (which, 
owing to an imperfection in the method of analysis in 1867, may have 
been carbon monoxide, or a mixture of carbon monoxide and marsh- 
gas) diminished as the activity increased. These observations are 
entirely in accord with the results of my differential temperature 
experiments with rock powders. Hydrogen sulphide and carbon 
dioxide are the gases expelled from the rocks at the lowest tempera- 
tures; carbon monoxide and marsh-gas appear at intermediate 
temperatures, while hydrogen is most prominent when the heat is 
carried to bright redness. Nitrogen is most abundantly liberated at 
red heat; hence the presence of that gas at the cooler vents and fissures 
is chiefly due to atmospheric air. 

While carbon dioxide escapes from all fumaroles in greater or less 
degree, it is at those vents whose activity has subsided beyond the 
point where hydrogen and the noxious gases are evolved that this gas 
is most conspicuous. For this reason, carbon dioxide has come to 
be regarded as marking the dying-out of the volcanic activity. A 
source for carbon dioxide after the disappearance of the other gases 
has been sought in the neighboring limestone formations, either from 
baking or from the chemical action of halogen or sulphur acids. The 
obvious difficulty confronting this conception is that limestone is not 
always present to furnish carbon dioxide. Experiments show that 
below 400° C. carbon dioxide is the principal gas evolved from rock 
material, and as the lava solidifying in the crater, or conduit, has not 
lost all its gas, it is only a part of the natural sequence of events that 
the escape of carbonic anhydride from the cooling lavas should con- 
tinue for some time after the volcano has settled into quiescence. Some 
of this carbon dioxide doubtless also comes from previous lavas which, 
warmed again by the fresh lava, give up some of the carbon dioxide 
which my experiments show them to contain. 


GENERAL RELATIONS 
RELATIVE TO THE HYPOTHESIS OF A MOLTEN EARTH 
These studies show that, within the range of temperature employed, 
heat causes the expulsion of gases in whatever form they are held, and 
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that the greater the degree of heat the more quickly and completely 
the gases are given off. There is reason to believe that this principle 
applies to the molten state as well as to the solid condition. If it be 
applicable to liquid lavas, it would favor the belief that a molten globe 
would have boiled out most of its gaseous matter before solidifying. 
Gases near the surface should escape rapidly. It might, perhaps, on 
first thought, be held that, while much of the gas in the outer portion 
wouid be lost, that existing in the central part of the sphere would be 
retained and slowly recharge the peripheral portion after a crust had 
formed and prevented further escape; but the molten globe, by 
hypothesis, grew up gradually, and essentially every part was once 
superficial. Even today, in an essentially solid earth, there are move- 
ments of lava that bring up gases from unknown depths, and it is 
reasonable to suppose that the molten sphere was stirred up by still 
more effective convection currents which facilitated the expulsion of 
gases and vapors, and that almost all of the gaseous material of the 
globe would have been boiled out before solidification set in. 

The complete validity of this view depends much upon the fate 
of the gases after they have reached the surface. It they were retained 
in the form of a dense atmosphere, a condition of pressure-equilibrium 
might be established between the atmosphere and the gases in the 
liquid earth, by means of which the latter would retain some appreci- 
able amount of gas. But if, as some believe, our atmosphere is about 
all that the earth can control,’ the gas expelled from the molten sphere 
in excess of the mass of the present atmosphere would escape and be 
lost to the planet. Geological evidences—early Cambrian glaciation, 
Paleozoic periods of aridity, and the general testimony of life—all 
point toward the conclusion that early terrestrial atmospheric condi- 
tions were not radically different from those of today. If the hypoth- 
esis of a heavy atmosphere be not permissible, it becomes very diffi- 
cult to explain the presence of original gases and gas-producing 
compounds in plutonic rocks on the basis of the Laplacian or other 
hypotheses that postulate original fluidity. 

RELATIVE TO THE PLANETESIMAL HYPOTHESIS 

After the gaseous matter of the ancestral sun was shot out from 

the solar surface to form the two arms of the spiral nebula, as postu- 


R. H. McKee, Science, Vol. XXIII (1906), pp. 271-74. 
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lated by the planetesimal hypothesis, the rock-producing portion is 
supposed either to have aggregated into planetesimal bodies, or to 
have been gathered, molecule by molecule, into the nucleus of the 
earth. The planetesimal bodies gathered in gas molecules of the 
atmospheric class both by chemical union and by surface adhesion or 
occlusion. As the earth grew by sweeping in the planetesimals, 
whatever gases they contained became entrapped in the body of 
the growing planet and well distributed throughout its mass. At 
first, the gravity of the earth may possibly have been able to hold only 
the gases brought in by planetesimal aggregates of rock material 
and those that became impounded in it by impact, but at a later stage, 
when increased mass enabled it to hold gaseous molecules, gases may 
have been added to the atmosphere directly from the nebula, and 
these, by chemical reactions, may have become united with the sur- 
face rocks. As soon as vulcanism commenced, a system of exchange 
was setup. While gases were being fed to the atmosphere by volcanic 
action, water, carbon dioxide, oxygen, and nitrogen were being buried 
with the surface rock material, partly by chemical union and partly 
by mechanical entrapment, as the growth by infalling matter continued. 
It is thus quite easy to understand how the earth came to be affected 
by these gases throughout its mass, and how they came to exist there 
in all available forms of retention. 

While the carbon monoxide and methane derived from rocks by 
heating in vacuo are doubtless chiefly produced from the carbon diox- 
ide and water present in the rock material, there seems good reason 
to suppose that similar reactions took place within the earth, as the 
surface material became buried and heated, and hence that carbon 
monoxide and methane exist, as such, in the earth’s body, and are to 
be reckoned among the natural gases of the rocks. 

RELATIVE TO ATMOSPHERIC SUPPLY 

The fact that many of the igneous rocks are able to yield hydrogen 
from reactions between water and ferrous compounds, at high tem- 
peratures, indicates that the material of the earth’s crust is in a con- 
dition of partial oxidation only. Near the center of the earth there is 
probably very little oxygen, and even up to the surface, barring the 
weathered mantle, the rocks are suboxidized. Yet the earth is sur- 
rounded by an oxygenated atmosphere. Since oxygen is not devel- 
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oped in the combustion-tube, and does not appear to exist as a free 
gas in igneous rocks, it is not likely that this constituent of the atmos- 
phere has come directly as aa exudation from the interior of the globe. 
It is to be sought, rather, in a dissociation or decomposition of com- 
pound gases by physical or organic agencies. Originally, enough 
oxygen was derived from water vapor, by physical means, to permit 
the beginning of plant life; after vegetation appeared, an abundant 
source of oxygen was found in the carbon dioxide. 

The average gas content of igneous rocks, as determined by the 
analyses now made, may be used to test the competence of the rocks 
to yield the present atmosphere. Taking the average volume of 
nitrogen per volume of rock to be 0.05, which is probably nearer the 
truth than the figure 0.09 given in table 8" (owing to leakage of air), 
it would require the liberation of all the nitrogen in the outermost 
70 miles of the earth’s crust to produce the nitrogen in the present 
atmosphere. For an estimate of the amount of igneous rock necessary 
to yield the carbon dioxide which is now locked up in limestone and 
coal deposits, we may take Dana’s figure of 50 atmospheres of this 
gas, and an average of 2.16 volumes of carbon dioxide per volume of 
rock. To produce these 50 atmospheres of carbon dioxide, it is 
found that a thickness of 66 miles of crust would have to be deprived 
of its carbon dioxide?—a figure which corresponds fairly well with the 
estimate for nitrogen. If the water of the rocks be placed at 2.3 per 
cent., a depth of 7o miles would supply the hydrosphere. 

On the planetesimal hypothesis, gas has been supplied from the 
interior to the atmosphere ever since an early stage of the earth’s 
growth, probably from the earliest stage at which an atmosphere could 
be held, which may be placed at the time when the earth’s radius was 
about 2,000 miles. From this it appears that only a small fraction 
of the full gas-producing possibilities of the rocks of the earth was 
required to supply the atmosphere. The fact that gases are still 
being given forth through volcanoes, and that the ejected lavas still 
have gas-producing qualities, makes it clear that all the resources 
of the interior are not yet exhausted. The working qualities of the 
planetesimal hypothesis, therefore, do not seem to be found wanting 
in either past possibilities of supply, present output, or prospective 
reserve. 


t Ante, p. 545 2 The limestones, of course, are not here included. 


THE SOLIDIFICATION OF ALLOYS AND MAGMAS 


JAMES ASTON 
University of Wisconsin 

In this consideration of possible analogies in the solidification of 
alloys and igneous rocks, the treatment will be from a knowledge 
gained in the study of alloys, and with a confessed ignorance of the 
subject from the viewpoint of the geologist. 

That the value of the views to be advanced is clearly recognized, 
and that their applicability extends beyond the limited sphere with 
which the writer is familiar, is well shown in the following extracts 
from the writings of Dr. George F. Becker,’ of the United States 
Geological Survey. He says, 

In a plan submitted to the director when the new physical laboratory of the 
survey was first contemplated, I laid special stress upon the study of isomorphism 
and eutexia. 


Also, 

It would appear that the relation between liquids must be reducible to very 
general groups. Liquids must be either miscible or immiscible, and miscible 
liquids must exhibit either isomorphic properties or eutectic ones. 

And again, 

The applicability of eutexia to rock-classification depends upon the fact that 
it makes the systematic discussion of magmatic mixtures possible. Inasmuch 
as the subject-matter of lithology consists of mixtures, their classification must 
be carried out in terms of definite or standard mixtures, while the only mixtures 
possessing appropriate distinguishing properties are the eutectics. Thus in deal- 
ing with magmas or other heteromorphous miscible liquids, the eutectics seem 
to afford not only the best but the only natural and rational standards of reference. 
With any eutectic as a basis, a series of magmas may be prepared, each differing 
from the eutectic by containing an excess of one or more constituents. 

Here, then, is the key to the whole discussion—the comparison of 
alloys and igneous rocks from the standpoint of isomorphism and 
eutexia, a standpoint which has its rational foundation on the laws 


‘ Day and Allen, Jsomorphism of the Feldspars (Publications of the Carnegie 
Institution). Introduction by Dr. George F. Becker. 
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of physical chemistry, more especially the theory of solutions and 
the phase rule of Gibbs. The application of these laws is of very 
recent date. In fact, it is hardly necessary to go back more than ten 
years to cover the period of their development. Because of this fact 
the drawing of well-worked-out analogies is very difficult; a consid- 
erable amount of investigation has been done with the simpler alloys, 
but in geology the field is practically barren. It will be necessary, 
therefore, to confine the discussion to the fundamental types of solidi- 
fication from the viewpoint of their solubility relations, and to point 
out the application of these laws to certain alloys, and analogous 
minerals and rocks, wherever possible; leaving to the judgment and 
imagination of the reader the possibility of their further application 
to geological problems. 

Proceeding from this viewpoint, it is at first essential to grasp a 
few fundamental facts. Alloys are solutions, and obey the same 
laws in freezing as aqueous solutions of salts do in crystallizing. It 
is merely a question of fluidity at a.different range of temperature. 
Not only is this true, but it is likewise true that solubility is not limited 
to any particular state of the interacting substances. Thus we may 
have solubility in the solid state, or solid solutions. This is shown 
in the tendency for mutual diffusion of solid gold and solid platinum; 
or more well known, perhaps, in the harveyizing of armor plate, 
where carbon is absorbed by iron at temperatures well below the 
point of fusion. These solid solutions you are more familiar with 
as isomorphous mixtures or mixed crystals. 


COOLING-CURVES 


In obtaining the solubility curves for salts in solution, the usual 
procedure is to make analyses of the saturated solution at various 
temperatures, and in this way to obtain a series of points which may 
be plotted into a temperature-composition curve. In the case of 
alloys, this method is not so well suited, since we are working at 
higher temperatures; also we often have to deal with changes in the 
solid, as well as in the liquid state. For alloys we obtain the necessary 
data for individual mixtures by means of the cooling-curve, a curve 
which is a function of time and temperature, and shows the change 
in the rate of cooling as the temperature is lowered. Breaks in the 
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curve or changes in direction indicate an evolution or absorption of 
heat, and denote a change of state or a transition in the substance. 
In practice, the general method is to heat a metal or alloy of known 
composition to a desired temperature, introduce a pyrometer, and 
record the temperature at stated time-intervals during cooling. 
Such curves are shown in Fig. 1. The one on the left represents 
the cooling of pure platinum. Temperatures are plotted on the ver- 


COOLING CURVES 
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tical axis, and time on the horizontal. Starting at o, our metal cools 
gradually, until we reach 1,775°. Here we have a jog in the curve, 
an arrest in the temperature change due to the freezing of the metal 
and the evolution of the heat of solidification. Freezing completed, 
the material cools to room temperature without further break in the 
curve. 

On the right we have another cooling-curve, that of pure iron. 
Starting again at o, the metal cools to 1,505° when there is a break 
due to the solidification. On further cooling, we note a different 
condition from that observed in the case of platinum. There are 
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two other jogs in the curve, at 880° and 780°, denoting changes in the 
solid state. These represent the transition points of the three allo- 
tropic modifications of pure iron, and are designated as the a, 8, and y 
states. These allotropic states represent changes in the properties 
of the iron without change of composition, and are analogous to 
some cases of pleomorphism in minerals; for example: 


Sulphur > to 96° Leucite - to 500° 
\ monoclinic \ / isometric \ 


FREEZING-POINT CURVES 
In the investigation of alloys, we consider three general types of 
solubility relations; with complete miscibility in the molten state 
it may after solidification be complete, partial, or nil. 


COMPLETE SOLUBILITY 


TEMPERATURE 
TEMPERATURE 


TIME COMPOSITION 8 


Fic. 2 


Referring to Fig. 2, we have represented the type of complete 
solubility before and after solidification. On the left is the cooling- 
curve for a single mixture. We note two breaks, at F, that due to 
commencement of solidification, and at F, a change of direction due 
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to its completion. With points for commencement and completion 
of solidification obtained from similar cooling-curves representing a 
complete series of mixtures, we may plot a new diagram with the 
composition on the X axis, and the corresponding freezing tempera- 
tures on the ¥ axis, and obtain the solubility curve as shown on the 
right of Fig. 2. In metallography this is usually designated the 
“freezing-point curve.” CF,D and CF,D are the loci of the upper 
and lower transition points as obtained from the cooling-curves, and 
represent, therefore, the commencement and completion of soliditica- 
tion for the entire range of mixtures. 

With this type of freezing, a mixture of composition F, for exam- 
ple, will commence to solidify at F, with a separating-out of the first 
frozen particle of composition G, a consequent relative enrichment 
of the molten metal in element A, and a lowering of the temperature 
of solidification. During freezing, therefore, the temperature- 
composition locus of the molten material will shift along the upper 
curve from F, toward C, and that of the solid material along the lower 
curve from G, toward C. If cooling is sufficiently slow because of 
the complete solubility in the solid, the equilibrium is completed by 
the diffusion of the different solid particles until finally the resultant 
alloy has a uniform composition F, the same as the original molten 
mixture. 

With complete solubility, therefore, the freezing is selective but 
not rigid, and the initial heterogeneousness is effaced by diffusion. 
Under the microscope, the structure should be uniform throughout 
if diffusion is complete. 

Of this type are the Sb-Bi, Ag-Au, Fe-Mn alloys. 

The type of complete insolubility is shown in Fig. 3. On the left 
is the cooling-curve, with a break at A,, indicating commencement 
of solidification, and a jog K,A, denoting completion of freezing at 
a constant temperature. At the right is the freezing-point diagram, 
with FE,G and CE,D as the loci of commencement and completion 
of solidification. A mixture of composition K will commence to 
freeze at K,. The solid separating out will be element A only, 
because of the complete insolubility; there will be a relative enrich- 
ment of the molten solution in B, and a gradual shifting of the tem- 
perature composition range from K, to E,. At E, the whole of the 


a 


574 JAMES ASTON 


remaining solution will freeze at this constant temperature; but 
because there is no solubility in the solid A and B will separate. 

For a mixture of composition F, freezing will occur throughout 
the mass simultaneously, with a separation in the solid state of A 
and B. In like manner, for alloy WM, freezing will be as explained 
above, except that element B will first separate out, with a gradual 
enrichment of mother metal in A, and a gradual lowering of the 
freezing temperature, until at £, there will again occur the isothermal 
solidification of the remaining solution, with separation of A and B. 


COMPLETE INSOLUBILITY 
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The point of lowest freezing temperature E, is called the eutectic 
point, and the mixture of this composition, the eutectic mixture, or 
the eutectic. 

Summarizing, we have in this type rigidly selective freezing, with 
alloys eutectiferous throughout the range of composition, and no 
tendency for mutual diffusion. Under the microscope we should 
expect to find a more or less segregated excess metal A or B, depend- 
ing upon whether the initial composition was above or below the 
eutectic ratio; together with an intimate composite structure of A 


and B as the eutectic. 
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Of this type are the Sb-Pb, Pb-Sn, Cd-Zn alloys. 

A third type of freezing-point curve is that of partial-solubility 
solid, as shown in Fig. 4. This condition is really a combination of 
the two types previously described. For mixtures between JF and 
GK, freezing will be of the type of complete solubility. Between 
F and G, the freezing will be selective, as in the complete insolubility 
type, except that, since there is partial-solubility solid, the excess 
metal to separate out will be saturated with the other element; and 
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the eutectic will be a composite of A saturated with JF per cent. of 
B and B saturated with GK per cent. of A. 

With this type of freezing, therefore, we have freezing with com- 
plete solubility at the two ends of the series, and under the microscope 
we should find a homogeneous structure. For the intermediate 
mixtures there will be selective freezing and under the microscope 
we should expect a heterogeneous structure of an excess substance 
either A saturated with B or B saturated with A, depending upon 
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whether the composition of the original molten mixture lay to the 
left or right of the eutectic ratio; and a composite eutectic A saturated 
with B and B saturated with A. 

Of this type are the Sn-Zn, Au-Ni, Ag-Cu alloys. 

Besides these three general types of solubility which we have con- 
sidered, numerous others could be taken up in detail. For example, 
A and B might form one or more definite compounds, which com- 
pounds could have with A and B and with each other, independently 
different solubility relations. Or again, there might be only partial 
solubility while the alloy was still molten. However, all are really 
combinations and elaborations of the fundamental types to fit more 
complicated conditions. 

ISOMORPHISM OF FELDSPARS 
Referring now to one of the few investigations in this line which 


have been carried out in geological research, we have (Fig. 5) the 
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freezing-point curve of the soda-lime feldspars, as determined by Day 
and Allen' at the Geophysical Laboratory of the Carnegie Institution. 
The work was conducted exactly as indicated for alloys, by time- 

‘ Day and Allen, Jsomorphism of the Feldspars (Publications of the Carnegie 


Institution). 


SOLIDIFICATION OF ALLOYS AND MAGMAS 577 


temperature records of the desired mixtures. Because of the undesir- 
able supercooling, Day and Allen, however, recorded the heating, 
rather than the cooling, curve. As will be seen from the diagram, it is 
of the complete solubility type, with no indication of eutectics or inter- 
mediate compounds. It is conclusive evidence that between 100 
per cent. of anorthite and roo per cent. of albite we have an isomor- 
phous series; and microscopic examination was entirely confirmatory. 


IRON-SILICON ALLOYS 
Fig. 6 shows the freezing-point curve of the iron-silicon alloy,' 
chosen because it represents a rather complex set of conditions. At 


FREEZING POINT CURVE ALLOYS 


4500 
/4#00 \ 
/ \ 
/ 
Na a 2 
se 2o 3a Fo so go 9° 700 
PERCENT 
FIG. 6 


A there is evidence of the formation of a compound, the silicide Fe,Si. 
At C (50 atoms per cent. Si) another compound is indicated, of the 
composition FeSi. Up to 335 atoms per cent. of Si, the curve is of 
the type of complete solubility, with resulting solid solutions of iron 
and Fe,Si. Between 33} and 50 per cent., Fe,Si and FeSi are immis- 


1 W. Guertler and G. Tammann, “Ueber die Verbindungen des Siliciums mit 
dem Eisen,” Zeitsch. f. anorg. Chemie, 1905. 
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cible, and we have completely eutectiferous freezing. This is also 
the case between 50 per cent. and 100 per cent. Si, with the two 
components FeSi and Si. 

CALCIUM AND MAGNESIUM METASILICATES 


Strictly analogous to this is the diagram (Fig. 7) of solidification 
of calcium and magnesium metasilicates, also determined at the Geo- 
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physical Laboratory of the Carnegie Institution by E. T. Allen and 
W. P. White.'| As will be seen, at 47 per cent. MgSiO,+53 per 
cent. SiO, there is indication of the formation of the compound MgSiO, 
CaSiO, the mineral diopside. This diopside breaks the diagram into 
two parts each of the partial-solubility type. For the left-hand side, 

: Allen and White, “ Diopside in Its Relations to Calcium and Magnesium Meta- 


silicates,” Am. Jour. Sci., January, 1909. 
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solid solutions of CaSiO, and diopside will separate out between o 
and 2 per cent. and 46 and 47 per cent. of MgSiO,._ From 2 per cent. 
to 46 per cent., the structure will be a composite eutectic of CaSiO, + 
diopside, each saturated with a small amount of the other, and an 
excess substance of CaSiO, or diopside, each saturated with the other, 
depending upon whether the composition is below or above the 
eutectic composition of 28 per cent. MgSiQO,. 

Likewise for the right-hand half of the diagram, isomorphous 
mixtures of diopside and MgSiO, are indicated between 47 and 67 
per cent. and 98 and roo per cent. of MgSiO,. Between 67 and 96 
per cent. a eutectic will form of MgSiO, and diopside each saturated 
with the other, and an excess substance diopside below the eutectic 
composition of 68 per cent. of MgSiO,, and MgSiO, above this ratio. 
This diagram also furnishes an example of a condition frequently 
met with in alloys, that of allotropy, or transitions below the solidifica- 
tion range. Thus above 1,190° the a CaSiO,, or pseudo-wollastonite, 
is the stable form, but is unknown in nature; below this temperature 
the 8 form, the mineral wollastonite, is stable. With MgSiO, the 8B 
form is magnesian pyroxene occurring in meteorites and intergrowths 
with enstatite. At 1,365° this is transformed into the orthorhombic 
a form distinct from enstatite and unknown in nature. 

Microscopic examination confirmed these deductions except that 
the eutectic texture was rarely met with, probably due to the very 
slow cooling and consequent segregation of the constituents. 

EUTECTICS AMONG ROCKS 

Work of this general nature, but not so reliable and accurate, has 
been done by J. H. L. Vogt on the silicates, and he mentions a number 
of eutectic mixtures, as follows: 

68 per cent. diopside with 32 per cent. olivine 

74 per cent. melilite ** 26 per cent. olivine 

65 per cent. melilite 35 per cent. anorthite 
40 per cent. diopside 60 per cent. akermanite 
74-25 percent. anorthite ‘“ 25.75 per cent. quartz 
75 per cent. albite 25 per cent. quartz 


“ 


THREE COMPONENT MIXTURES 


So far the discussion has been confined to the freezing of two 
component mixtures. However, more generally, particularly in 
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rock magmas, three or more constituents will be present. This 
greater number of components will admit of the possibility of greater 
multiplication of the solid phases forming and results in a very much 
more complicated problem. Unfortunately, there have been pub- 
lished the results of but very few investigations along this line, and 
these only for very simple cases. To represent the equilibrium of a 
three-component mixture we make use of the property of an equilateral 
triangle that if from any point within perpendiculars be dropped 
upon each of the three sides, the sum of the lengths of these perpen- 
diculars is a constant, and equal to the altitude of the triangle. Con- 
sequently with an equilateral triangle as a base, each apex of which 
represents respectively roo per cent. of A, B, and C constituents, and 
temperatures plotted perpendicular to this base, we obtain a space- 
model, with the equilibrium between the solid and liquid phases, 
or, in other words, the locus of the solidification points of each par- 
ticular mixture, represented by a set of warped surfaces, very much as 
topography is represented on a relief map. And just as we represent 
the elevations of this relief map on a plane surface by means of con- 
tour lines of equal elevations, so do we represent the temperatures of 
our space-model of solidification, by contour lines of equal tempera- 
tures, or, as technically called, by isotherms. 

Such a representation is shown in Fig. 8, for the solidification of 
the Bi, Pb, Sn alloys.'. These have the simplest relations for a three- 
component alloy, since no intermediate compounds are formed, and 
there is complete insolubility between the constituents. The dotted 
lines are the isotherms for the commencement of solidification. The 
altitudes at each angle denote too per cent. of each of the elements 
Pb, Bi, and Sn. The triangle is divided into three regions by the 
lines GE, IE, and HE, which correspond to our previous freezing- 
point loci representing the primary separation of one of the three pure 
components. Consider an alloy of composition A. The point denot- 
ing this alloy lies in the region Bi, GEJ on the isotherm 175°. At 
this temperature, therefore, pure bismuth commences to separate 
out. The alloy becomes successively poorer in bismuth as the tem- 
perature is lowered, and, since the ratio of tin to lead must remain 

« G. Charpy, “Study of the White Alloys Called Antifriction,” Metallographist, 


Vol. II, 1899. 
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constant, the composition shifts along the line AC from A toC. At 
125° we meet the line JE. At this temperature, therefore, a binary 
eutectic mixture of bismuth and tin now separates out and the com- 
position of the mixture is displaced along the line JE until finally 
at point E corresponding to a temperature of 96°, the ternary eutectic 
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515 per cent. Bi, 155 per cent. Sn, and 33 per cent. Pb freezes at 
constant temperature. 

This is about the limit of our capabilities in indicating the solidi- 
fication conditions. For a greater number of components, or where 
other factors enter, the representation becomes a space-problem of 
four or more dimensions, which is really beyond our powers. 


“4 
| 
32g 
~ 
a7s 
~ 
~ ~ 
so 
200 = ~ 
~ 
~ 
~ ~ 
soe 7275, ‘737 482 
/ 
775, / / 
/ / / 
oo 
/ / 
/ 
4 
/ 2as 
SN 
200 225 232 
Fic. 8 : 


32 JAMES ASTON 


COMPARATIVE MICROGRAPHS 
Figures 9, 10, and 11 show the striking similarity between the 
structure of rocks and alloys as revealed by the microscope. In each 
case the rock-section is on the right, beside its analogous alloy-struc- 
ture on the left. 
In the upper left-hand corner of Fig. 9 is the structure of a three- 
component mixture of 74 per cent. Bi, 5} per cent. Sn, and 21 per cent. 


Fic. 9 


Pb. {The excess bismuth has separated out into the white masses; sur- 
rounding these is the binary eutectic of bismuth and tin, and finally, 
as the central black constituent, we note the ternary eutectic. A 
somewhat similar rock-texture is on the right, a rhyolite with the 
white quartz, the dark orthoclase, and the finer remaining ground 
mass. 

Below on the right is a section of Augite porphyry, with the white 
plagioclase, adjoining this the gray augite, and inclosing all the fine 
texture of the ground mass of plagioclase and augite. It is very simi- 
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lar to the metal structure on the left, a steel with an excess cementite, 
and a eutectic pearlite, made up of this cementite and ferrite. 

It is not the purpose of this article to discuss these sections in detail 
by trying to point out their methods of freezing; it is desired solely 
to show that two such classes of material as metals and rocks, widely 
different as they are ordinarily considered to be, in reality display 
the same peculiarities of texture. 


FIG. 10 


APPLICATIONS TO IGNEOUS ROCKS 

In endeavoring to point out the similarities in the solidification of 
certain alloys and magmas, one is limited to simple cases to which 
the theory of solubilities is easily applied. ‘That the same considera- 
tions apply to the igneous rocks is indisputable; for it is not a question 
of drawing an analogy between the alloys and rock-masses. It is, 
rather, the application of broad general principles to specific problems; 
the application of general laws of equilibrium which must cover all 
possible cases of solution, even though as yet we may be unable to 
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apply the details of their working. The igneous rocks are, as a rule, 
very complex, and may contain many component minerals or elements; 
also there is an additional complication in that solidification takes 
place very often under pressure. Pressure is of great importance in 
the consideration of vapors, and so difference of pressure may intro- 
duce additional complexity through the effect on the gases. Again, 
equilibrium conditions may not always be reached; for example, 


Fic. 11 


with rapid cooling of the magma, supersaturation may have occurred 
with a change in the order of deposition of the minerals, or differences 
in the microscopic structure. 

In the solidification of magmas, also, we have certain conditions 
which do not occur in the metallic alloys. We have discussed the 
composite nature of the eutectic structure. -Among the metals, where 
the cooling is normal, this intimate mixture of the constituents is 
very common; with the slow cooling of the igneous rocks (especially 
when enhanced by their poor conductivity of heat) the long sojourn 
just below the temperature of transition may cause a segregation of 
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the eutectic constituents, and an elimination of the composite 
texture. 

Furthermore, we do not make alloys in which the components 
are not perfectly miscible when molten, because in this case there will 
be separation by liquation and a defeat of the object sought by the 
mixture of the metals. But igneous-rock mixtures are not of man’s 
choosing. Consequently there will very likely often be encountered 
the case of mixtures of imperfect miscibility, with a first separation 
of the components of saturation, and their final solidification according 
to the laws of freezing. 

To clear up the intricacies of the problem, it is essential that 
extended research be conducted along the line of the few cases already 
worked out, beginning with the simpler conditions and extending 
the scope as circumstances warrant. With the electric furnace, 
desired minerals or rocks could be melted and could also be synthe- 
sized under any pressure; the pyrometer would give us the thermal 
reactions; finally with the microscope we could compare the structure 
of our artificial material with the natural rock in its original and 
remelted states. An investigation of this kind may reduce cases of 
seeming complexity to ones of comparative simplicity, by fixing a 
certain few of the components as of primary importance, and the rest 
of a secondary modifying nature. For example, while steel is a many- 
component alloy of Fe, C, Si, S, P, and Mn, we treat it as a two- 
constituent mixture of Fe and C as of greatest importance; the other 
elements have their influence mainly in their effect on the transition 
ranges of the carbon and iron. 

At any rate, the thermal investigation has the great advantage of 
getting at the internal reactions, and can be backed up by our present 
methods with the microscope, and otherwise, which are suitable only 
for the end reactions. 

In conclusion, it is well to bear in mind that the laws of equilib- 
rium of solutions show that the melting-points of the constituents are 
of no service in predicting the order of their separation in the solidi- 
fication of the magma. And is it going too far to predict that the study 
of the freezing-point diagrams of the conditions of this separation may 
result, as did Van’t Hoff’s application to the carnallite deposits at 
Strassburg, in economies in the recovery of the metals from their ores ? 
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Los temblores en Chile: su causa inmediata y el porqué de sus 
efectos. Por Micuet R. Macnapo, Jeologo del Museo 
Nacional, Miembro de la Comision del Temblor del 16 de 
Agosto de 1906. Santiago de Chile, 1908. 

This paper on earthquakes in Chile is a separate of 28 pages taken 
from some publication not mentioned. It is of special interest just now 
as representing the views and conclusions of a Chilian geologist, who was 
a member of the commission appointed to study the Valparaiso earthquake 
of August 16, 1906, and who traveled over a large part of the region affected 
by that particular earthquake. 

The author says that he failed to find any single center of disturbance, 
but he did find a multitude of areas of high intensity; he thinks it impossible 
to lay down isoseismal lines on a map. Passing over interesting local 
details, at pp. 54, 55 are given the following conclusions which are here 
translated that they may speak for themselves. 


t. In Chile earthquakes are strongest in places located near certain classes 
of eruptive rocks that made their appearance in the Tertiary or about the close 
of the Secondary. These rocks are sometimes found lifting the beds formed during 
the Secondary period. 

2. This rock has a granitoid appearance and a light gray color with greenish 
spots of amphibole. Sometimes it has a porphyroid appearance. In certain 
places it might be called syenite; in others granitic diorite; but it always contains 
amphibole and orthoclase feldspar in varying quantities; and this rock moreover 
is very modern. I think that in Chile this rock should be given the name of the 
earthquake rock or seismic rock. [Here follows a list of localities where this rock 
occurs. 

3. The earthquake rock is often found cut by gold-bearing shoots, dikes, and 
veins. For this reason the towns, settlements, and walls near places rich in gold, 
whether in the form of veins or gold washings, suffer more than those that do not 
have this precious metal. [Here follows a list of localities that have suffered.] 

4. Buildings and walls on streets parallel with the direction of the earthquake 
rock have suffered very much more than those at right angles to it, where struc- 
tures fall indifferently on either side of their foundations. 

5. I calculate that the maximum destruction was produced in a zone of less 


than four kilometers on both sides of the ridge (cerro) in which the earthquake 
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rock occurs, and within which the better constructed buildings suffered, even 
when built upon a good subsoil. Outside of this zone the character of the sub- 
soil, foundations, and building materials have but little influence. 

6. Persons living on the earthquake or close to it often hear subterranean 
rumblings resembling that produced by a train passing through a big tunnel. 

[7 consists of a description of the subterranean sounds. ] 

8. It is noted in my studies of each locality that destruction is caused always 
along certain lines more or less perpendicular to the sea, and consequently to the 
Andes ranges, and that they frequently extend to both of the transverse valleys. 

. . » When seismic vibrations follow these lines the places along them receive 
vertical shocks and movable objects on the surface move in the direction of the 
vibrations, that is, toward the east. 


In regard to the geologic relations of Chilean earthquakes the author 
further concludes (pp. 57, 58): 


The strata or layers of rock laid down on the bottom of the sea during the 
Secondary and part of the Primary periods are now many thousands of meters 
above sea-level forming the present Andes. These enormous masses of detrital 
rocks began to be raised in the Tertiary period, pushed up largely by the rock 
This upward movement is not yet ended, for our coast 


we have called “‘seismic.’ 
is gradually rising at the rate of about one meter per century. [There follows a 
theory of an ancient submerged continent to the west of the present one.] The 
sinking of this ancient continent of the Pacific gave rise to the present American 
continent, and in order that these gradual and sudden uplifts should be brought 
about on the coast of Chile it is necessary that the bottom of the sea should be 
depressed. [At this place the author inserts the following footnote: ‘Sr. Montes- 
sus de Ballore, professor of seismology, in a lecture at the University of Chile 
announced as a new idea that the earthquake of August 16, 1906, had affected more 
violently the towns in front of the great heights of the Andes and consequently 
adjoining the greatest (ocean) depths. As this gentleman does not mention the 
source of this idea, we call his attention to this point which we had already set 
forth.”] These elevations and depressions tend to produce a break or fault. 
In some places these faults appear in the littoral belt, but on the coast of Chile 
they are beneath the water; and for this reason the towns on the coast suffer 
more than those in the interior. 

In Chile it happens that two earthquakes never occur in succession in the same 
place. I believe this is due to the fact that the continent of the Pacific (the sub- 
merged one) requires a greater pressure to lift the American continent. This it 
obtains in time, while the rivers of Chile are bringing down heavy materials 
derived from the Andes. Thus we have here a kind of balance in which one 
of the arms slowly furnishes the other with a weight sufficient to disturb the 
equilibrium. 


J. C. BRANNER 
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Illinois Geological Survey. By H. Foster Barn, Director, and 


Others. Bulletin No. 8, 1907. 391 pp., 23 pls., maps. Spring- 
field, 1908. 


The report contains the following papers: ‘“‘Steam Improvement and 
Land Reclamation in Illinois,” ** Petroleum Fields of Illinois,” and Mineral 
Industry of Illinois,” by H. F. Bain; ‘Salem Limestone,” by Stuart Weller; 
“Water Resources of the East St. Louis Region,” by Isaiah Bowman; 
“Stratigraphy of Southwestern Illinois,” by T. E. Savage; ‘* Notes on 
Shoal Creek Limestone,” by Jon. Udden; ‘‘Cement Materials near La 
Salle,” by G. H. Cady; ‘Clay Industries,” by E. F. Lines; ‘‘ Experiments 
on Amorphous Silicas of Southern Illinois,” by T. R. Ernest; “Artesian 
Wells in Peoria,” by J. A. Udden; ** Lead and Zinc District of Northwestern 
Illinois,” by U. S. Grant and M. J. Perdue; “* Concrete Materials Produced 
in the Chicago District,” by E. F. Burchard; Extracts from Educational 
Bulletins by Messrs. Barrows, Trowbridge, Jones, Atwood, and Gold- 
thwaite; also articles on “‘Coal” by Messrs. Parr, Wheeler, Hamilton, Bain, 
Francis, Bement, DeWolf, Udden, and White. 

The petroleum industry showed a marked advance. In 1907 the state 


produced 24,540,938 barrels of petroleum or about one-seventh of the total 
production of the United States. The oil horizons are mainly in the Car- 


boniferous rocks. _ ist J. H. 


Re port of the Vermont State Geologist. By G. H. PERKINS. On the 
Mineral Industries and Geology of Certain Areas of Vermont, 
1907-8. 302 pp., 59 pls. Concord, N. H., 1908. 


This report is the sixth of the present series and contains the following 
papers: ‘Mineral Resources,” ‘Fossil Cetacea of the Pleistocene,” 
“Geology of Franklin and Chittenden Counties,” by G. H. Perkins; 
“Granites of Vermont,” by T. N. Dale; ‘‘Shore Lines in Northwestern 
Vermont,” by H. E. Merwin; ‘Geology of Hanover Quadrangle,” by C. H. 
Hitchcock; ** Geology of the Town of Swanton,” by G. E. Edson; ‘*Stellae 
and Rhabdoliths,” by H. M. Seely; and ‘Geology of Newport, Troy, and 
Coventry,” by C. H. Richardson. The production of the building stones, 
granite, marble, and slate, has steadily increased, amounting to the total 


C.J. H. 


value of $10,000,000 yearly. 
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